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THE SYNTHESIS AND ANALYSIS OF FLUID CONTROL NETWORKS
CHAPTER I  
INTRODUCTION
T his  s tu d y  i s  co n ce rn ed  w i th  t h e  s y n t h e s i s  and a n a l y s i s  o f  f l u i d  
power and f l u i d  c o n t r o l  sy s tem s  o f  a  d i g i t a l  n a t u r e  in  which lo g i c  
m ethods s e r v e  t o  im plem ent th e  r e q u i r e m e n ts  r a t h e r  th an  i n t u i t i o n .
The te rm  f l u i d  power r e f e r s  to  a  system  i n  w hich  a  f l u i d  medium 
i s  u t i l i z e d  f o r  th e  f o r c e  t h a t  i t  i s  c a p a b le  o f  e x e r t i n g .  The f l u i d  
medium i n f e r r e d  in c lu d e s  b o th  gas  and l i q u i d .  A f l u i d  power sy stem  
can  be c o n t r o l l e d  by m anua l,  m e c h a n ic a l ,  e l e c t r i c a l ,  o r  f l u i d  means.
The c o n t r o l  sy s tem s  can be  c l a s s i f i e d  b ro a d ly  a s  e i t h e r  an a lo g  o r  d i g i ­
t a l .  I n  a n a lo g  sy s te m s ,  th e  v a r i a b l e s  to  be  c o n t r o l l e d  a r e  p h y s i c a l l y  
c h a r a c t e r i z e d  by p a ra m e te r s  w hich  may v a ry  c o n t in u o u s ly  o v e r  a  l i m i t e d  
r a n g e .  The f u n c t i o n a l  u n i t s  c o m p ris in g  an a n a lo g  sys tem  a r e  o p e r a t i o n ­
a l l y  i n t e r c o n n e c t e d  to  p r o v id e  c o n t in u o u s  fe e d b a c k  in fo rm a t io n  and 
e r r o r  d e t e c t i o n .  A d i g i t a l  sy s tem  on th e  o t h e r  hand o p e r a t e s  w i th  d a t a  
r e p r e s e n t e d  as  a s e r i e s  o r  s e t  o f  c h a r a c t e r s  w h ich  a t t a i n  o n ly  c e r t a i n  
d i s c r e t e  v a l u e s .  The f u n c t i o n a l  components o f  a d i g i t a l  system  a r e  
c a p a b le  o f  r e p r e s e n t i n g  o n ly  a r e l a t i v e l y  few d i s c r e t e  c o n d i t i o n s  — 
c e r t a i n l y  n o t  a c o n t in u o u s  f u n c t i o n .
2F l u i d  power i s  n o t  a new f i e l d ;  I t  can be t r a c e d  back  to  l j 8 ^  
when an E ng lishm an , J o s e p h  Bramah, b u i l t  th e  f i r s t  h y d r a u l i c  p r e s s .  
A f t e r  World War I ,  when s e r io u s  s e a l  problem s w ere  p a r t i a l l y  so lv e d ,  
f l u i d  power became a c c e p ta b l e  f o r  numerous a p p l i c a t i o n s .  T e c h n ic a l  
advancem ents  d u r in g  World War I I  f o s t e r e d  th e  f l u i d - s e r v o  e r a  which 
s a t i s f i e d  th e  b a s ic  r e q u i r e m e n ts  o f  many c o n t r o l  p rob lem s. I t  I s  
a p p a re n t  t h a t  th e  sp ace  age s t r u g g l e  h a s  c u l t i v a t e d  th e  need  f o r  f l u i d  
d i g i t a l  c o n t r o l  sy stem s  to  supp lem en t and r e p l a c e  c o n v e n t io n a l  e l e c ­
t r i c a l  h a rdw are  In  many a r e a s .  S o p h i s t i c a t e d  f l u i d  c o n t r o l  e lem en ts  
c a p a b le  o f  b e in g  packaged  60OO p e r  c u b ic  In ch ,  o f  w i th s ta n d in g  
50 ,000  g ' s ,  and o p e r a t i n g  w i th  f r e q u e n c i e s  o f  from  10-100 KC p r e s e n t l y  
e x i s t .  F l u i d  d i g i t a l  com puters  o r  c o n t r o l  sy stem s  u s in g  such  e lem en ts  
would n o t  be  h e a t  g e n e r a t o r s ,  would be  Immune to  I o n i z i n g  r a d i a t i o n ,  
and would p e r fo rm  s a t i s f a c t o r i l y  a t  e x t re m e ly  h ig h  o r  low te m p e ra tu re s .
I t  may be  su rm ised  t h a t  t h e  c o n t in u e d  I n c r e a s e  In  p o p u l a r i t y  o f  
f l u i d  power I s  l a r g e l y  due to  th e  f a c t  t h a t  a c o n f in e d  f l u i d  I s  one o f  
th e  most v e r s a t i l e  means o f  m o d ify in g  m otion  and  t r a n s m i t t i n g  power. 
The f u t u r e  o f  f l u i d  power and c o n t r o l  system s I s  l i m i t e d  o n ly  by b u r  
Im a g in a t io n  and our t e c h n i c a l  a b i l i t i e s .
A lth o u g h  a m a jo r  p a r t  o f  th e  f l u i d  c o n t r o l s  c u r r e n t l y  used  a r e  
d i g i t a l ,  no l o g i c a l  method f o r  th e  s y n t h e s i s  and a n a l y s i s  o f  f l u i d  
c i r c u i t s  h as  been r e p o r t e d .  Hence, f l u i d  power d i g i t a l  c o n t r o l  I s  
p r e s e n t l y  in  th e  same h i s t o r i c a l  p e r i o d  t h a t  e l e c t r i c a l  c o n t r o l s  w ere  
p r i o r  to  World War I I .  The f l u i d  c i r c u i t  d e s ig n e r  h as  been  r e q u i r e d  
t o  depend upon h i s  I n g e n u i ty  and p e r s e v e r a n c e  t o  employ th e  I n t u i t i v e  
method o f  c i r c u i t  s y n t h e s i s  and a n a l y s i s .  T h ere  e x i s t  many rem in d e rs
3o f  th e  d e f e a t ,  o f  f l u i d  d e s ig n e r s  i n  th e  form o f  e l e c t r o . - h y d r a u l i c  
m ach ines .  Knowing t h a t  th e  e l e c t r i c a l  e n g in e e r s  c o u ld  u s u a l l y  o f f e r  
c o n t r o l  s o l u t i o n s  to  t h e i r  prob lem s engendered  a d e p l o r a b le  a t t i t u d e  
among f l u i d  c i r c u i t  d e s i g n e r s .
E n g in e e r s  i n v e s t e d  w i th  th e  r e s p o n s i b i l i t y  o f  th e  d e s ig n  and 
o p e r a t io n  o f  f l u i d  c o n t r o l  system s need  a l o g i c a l  method to  a s s i s t  
them i n  p e r fo rm in g  t h e i r  work. The m ost l i k e l y  f i e l d  in  w hich  to  
l o c a t e  such  a  method i s  e l e c t r i c a l  s w i tc h in g  c i r c u i t  th e o ry .  The 
f l u i d  d e s ig n e r  canno t e x p e c t  th o s e  v e r s e d  in  e l e c t r i c a l  th e o ry  to  b e  
c o g n iz a n t  o f  t h e  p rob lem s i n h e r e n t  in  f l u i d  c i r c u i t s ;  t h e r e f o r e ,  many 
i n v e s t i g a t i o n s  by f l u i d  power e n g i n e e r s ,  com parab le  to  t h i s  s tu d y ,  
a r e  n e c e s s a r y  to  e x p l o i t  f u l l y  th e  v a s t  w e a l th  o f  knowledge a v a i l a b l e  
f o r  i n t e r p r e t a t i o n .  Such i n v e s t i g a t i o n s  w i l l  r e s u l t  in  t h e  e s t a b l i s h ­
ment o f  a fo u n d a t io n  f o r  th e  e v d l u t io n  o f  d i g i t a l  f l u i d  c i r c u i t  th e o ry .  
The m a s te ry  o f  th e  l o g i c a l  s y n t h e s i s  and a n a l y s i s  o f  f l u i d  s w i tc h in g  
c i r c u i t s  w i l l  d i r e c t  t h e  way to  o p e r a t i o n a l  f l u i d  com puters  and 
s o p h i s t i c a t e d  c o n t r o l  n e tw o rk s .
CHAPTER II
PREVIOUS INVESTIGATIONS
The s y n t h e s i s  and a n a l y s i s  o f  f l u i d  c i r c u i t s  have been accom­
p l i s h e d  by i n t u i t i v e  p r o c e s s e s .  . For an e x p e r ie n c e d  d e s i g n e r ,  t h e s e  
p r o c e s s e s  can  be a p p l i e d  a p p r o p r i a t e l y  to  d ev e lo p  e f f e c t i v e  s o l u t i o n s  
t o  s im p le  c i r c u i t s .  As t h e  c o m p le x i ty  o f  th e  c i r c u i t  p rob lem  i n c r e a s e s ,  
th e  i n t u i t i v e  method becomes s t r i c t l y  an i t e r a t i v e  game o f  t r i a l  and 
e r r o r .  A lth o u g h  th e  i n g e n u i ty  o f  th e  d e s ig n e r  i s  c h a l l e n g e d ,  h i s  
p l i g h t  becomes analogous  to  " lo o k in g  f o r  a n e e d l e  in  a  h a y s t a c k . "
The p rob lem  e n c o u n te re d  by an e n g in e e r  a t t e m p t in g  t o  d e s ig n  a 
c i r c u i t  i n v o l v in g  s e q u e n t i a l  o p e r a t io n s  can  b e  d e m o n s t ra te d  u s in g  a 
t im in g  c h a r t .  A tim ing  c h a r t  c o n s i s t s  o f  v e r t i c a l  d i v i s i o n s  r e p r e ­
s e n t in g  s e q u e n t i a l  t im e ( d i s p l a y  o f  e v e n t s ) .  Each t im e  d i v i s i o n  c o r ­
re sp o n d s  to  a  change o f  t h e  in p u t  s t a t e s .  C o n s id e r  a c i r c u i t  s p e c i f i ­
c a t io n  i n  w h ich  two in p v |t s ,  x^ and x g ,  and one o u tp u t  Z a r e  in v o lv e d .
The s e q u e n t i a l  c y c le  i s  a s  f o l lo w s :  1) no i n p u t s  o r  o u t p u t ,  2 )  in p u t
Xg i s  e n e r g i z e d ,  3 ) i n p u t s  Xg and x^  a r e  b o th  e n e r g i z e d ,  h )  i n p u t  xg 
i s  on w h i le  x ^  i s  o f f ,  5 )  i n p u t s  Xg and x^ a r e  on and t h e  o u tp u t  Z i s  
a c t u a t e d ,  6 ) o n ly  xg i s  o n ,  and 7 ) a l l  i n p u t s  a r e  o f f  and no o u tp u t .
The t im in g  c h a r t  f o r  th e  above sequence  i s  g iv e n  in  F ig .  2 -1 .
The s o l u t i o n  to  a c i r c u i t  p rob lem  such as  t h e  one shown in
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F ig .  2 -1 .  T im ing C h a r t  f o r  S e q u e n t i a l  C ycle  Example
F ig .  2 -1  i n v o lv e s  th e  e s t a b l i s h m e n t  o f  u n iq u e  c o n d i t io n s  f o r  each s e ­
q u e n t i a l  d i v i s i o n .  I n  o t h e r  w o rd s ,  t h e  c i r c u i t s  m ust be c a p a b le  o f  
d i f f e r e n t i a t i n g  betw een t im e  i n t e r v a l s  h av in g  th e  same in p u  s t a t e s  
b u t  d i f f e r e n t  o u tp u t  c o n d i t i o n s .  S in c e  th e  i n p u t  s t a t e s  i n  t h i s  ex­
am ple do n o t  c r e a t e  u n iq u e  c i r c u i t  c o n d i t i o n s ,  a s eco n d a ry  c i r c u i t  i s  
r e q u i r e d  to  p r o v id e  th e  n e c e s s a r y  d i s t i n g u i s h i n g  p r o p e r ty .  One s o l u ­
t i o n  to  t h e  example p rob lem  would b e  to  have  two s e c o n d a r i e s  em it  s i g ­
n a l s  as  shown i n  F ig .  2 -2 .  The u n iq u e n e ss  o f  t h e  c r i t i c a l  d i v i s i o n s  
on t h e  t im in g  c h a r t  a r e  e s t a b l i s h e d ,  arid th e  d e s ig n  o f  th e  n e tw o rk  can 
be  i n i t i a t e d .
I
X ;
Y,
Y:
F ig .  2 -2 .  Com plete  T im ing C h a r t  f o r  S e q u e n t i a l  C yc le  Example
6A lthough  th e  need  to  have u n iq u e  s t a t e s  c a n  be  r e c o g n iz e d  from 
th e  t im in g  c h a r t  and th e  r e q u i r e m e n ts  f o r  a p a r t i c u l a r  s e c o n d a ry  n e t ­
work can e v e n t u a l l y  be  e s t a b l i s h e d ,  no a s s i s t a n c e  I s  r e c e iv e d  from  th e  
c h a r t  c o n c e rn in g  th e  a p p r o p r i a t e  c i r c u i t  c o n f i g u r a t i o n .  The t im in g  
c h a r t  m e re ly  p e rm i ts  th e  developm ent o f  t h e  c i r c u i t  s p e c i f i c a t i o n s  
w i th  no a s s u ra n c e  g iv e n  w hether  an optimum ne tw o rk  w i l l  r e s u l t .
A l i m i t e d  q u a n t i t y  o f  work h a s  been  r e p o r t e d  on o r g a n iz in g  and 
in y la m e n t in g  th e  I n t u i t i v e  method. Mr. P a u l  R o ln lc k  (1 )  p u b l i s h e d  an 
e x t e n s iv e  c o l l e c t i o n  o f  b a s ic  c i r c u i t s  and p ro cee d ed  to  c l a s s i f y  them 
a c c o rd in g  to  p u rp o se  as  an a id  in  s y n t h e s i z i n g  f l u i d  c i r c u i t s .  S im i la r  
c i r c u i t s ,  a s  w e l l  a s  more a p p l i e d  c i r c u i t s ,  a p p e a r  a n n u a l ly  in  th e  
F lu id  Power Index  p u b l i s h e d  by t h e  I n d u s t r i a l  P u b l i s h i n g  Conçany, 
C le v e la n d ,  Ohio.
S e v e r a l  a t t e m p ts  have been made by th e  a u t h o r  to  o u t l i n e  c i r c u i t  
s y n t h e s i s  methods f o r  f l u i d  d e s ig n e r s .  I n  R e fe r e n c e  Manual f o r  H vdrau-  
11c C i r c u i t s  ( 2 ) ,  a s e l e c t e d  group o f  f l u i d  components w ere  in t r o d u c e d  
and c l a s s i f i e d ;  and s p e c i a l  a p p l i c a t i o n  c i r c u i t s  a s s o c i a t e d  w i th  a g r i ­
c u l t u r a l  m o b ile  equipm ent w ere p r e s e n t e d .  Sym bolic  n o t a t i o n  o f  th e  
J IC  ( J o i n t  I n d u s t r y  C onference)  was u sed  e x c l u s i v e l y  which r e s u l t e d  in  
th e  s i m p l i f i c a t i o n  o f  b o th  d e s ig n  and  a n a l y s i s .  T hese  c o n c e p ts  w ere 
r i g o r o u s l y  a p p l i e d  in  F lu id  Power and C o n t ro l  System s (3 ) w hich  covered  
a l l  b a s i c  components and c i r c u i t s .  I n  a d d i t i o n ,  a c o n s c ie n t io u s  
a t t e n ç t  was made to  r e v e a l  th e  n a t u r e  o f  c i r c u i t  d e s ig n  and p r e s e n t  a 
c r i t e r i o n  o f  d e s ig n  c o n s i s t e n t  w i th  e s t a b l i s h e d  p r a c t i c e .  A lth o u g h ,  
c o n s id e r a b le  su c c e s s  was n o te d ,  t h e  c o m p l ic a te d  memory c i r c u i t s  
I n c lu d e d  w ere  a lm o s t beyond I n t u i t i v e  r e a s o n in g .  Logic  f u n c t i o n s
w ere  p r e s e n t e d  to  s t i m u l a t e  th o u g h t  i n  t h e  a r e a ,  b u t 'n o  g e n e r a l  u s e  
was e x h i b i t e d .
An e x t e n s i v e  l i t e r a t u r e  s u rv e y  co n d u c ted  in  c o n ju n c t io n  w i th  t h i s  
s tu d y  y i e l d e d  216 p e r t i n e n t  a r t i c l e s  and r e v e a l e d  t h a t  Mr. H. R. Ronan 
( k )  was t h e  f i r s t  r e p o r t e d  p e rso n  to  a t te m p t  t h e  t r a n s i t i o n  from i n ­
t u i t i v e  t o  l o g i c a l  d e s ig n  o f  f l u i d  s w i tc h in g  c i r c u i t s .  A lthough  Mr 
R o n a n 's  p r e s e n t a t i o n : m u s t  be r e c o g n iz e d  as  a p io n e e r  e f f o r t ,  t h e  v a g u e ­
l y  o u t l i n e d  scheme p ro p o sed  had  no p r a c t i c a l  v a l u e  o v e r  i n t u i t i v e  
m ethods. S in c e  no work h a s  been  p u b l i s h e d  on th e  l o g i c  d e s ig n  o f  h y ­
d r a u l i c  c i r c u i t s  s u b se q u e n t  t o  Mr. R o n an 's  p a p e r ,  i t  can  be  assumed 
t h a t  f l u i d  d e s ig n e r s  found th e  method im p r a c t i c a l .
I n  p r e p a r a t i o n  f o r  t h i s  s tu d y ,  th e  a u th o r  i n i t i a t e d  and d i r e c t e d  
a number o f  r e s e a r c h  p r o j e c t s  cn f l u i d  s w i tc h in g  c i r c u i t s  which a id e d  
i n  e s t a b l i s h i n g  t h e  r e q u i r e m e n t s  o f  t h i s  s tu d y .  Mr. A. G. Comer (5 ) 
in  1957,  co n d u c ted  an e x p e r im e n ta l  i n v e s t i g a t i o n  on t h e  s w i tc h in g  c i r ­
c u i t  f l u i d  ne tw o rk  r e q u i r e d  to  p ro d u ce  th e  i n t e r m i t t e n t  f e e d in g  o f  a 
s l a v e  c y l i n d e r .  I n  1 ^ 8 ,  Mr. J .  M. Case (6 ) co n d u c ted  an e x p e r im e n ta l  
s tu d y  on th e  d i g i t a l  p o s i t i o n i n g  o f  a h y d r a u l i c  c y l i n d e r .  A lso  i n  
1958,  Mr. W. R. Matthews ( 7 ) i n v e s t i g a t e d  th e  h ig h  sp eed  c y c l in g  
c h a r a c t e r i s t i c s  o f  h y d r a u l i c  c y l i n d e r s  u s in g  f l u i d  s w i tc h in g  n e tw o rk s .  
Mr. J .  F. Gormley ( 8 ) co n d u c ted  a  s tu d y  in  1959 to  compare th e  r e s p o n s e  
c h a r a c t e r i s t i c s  o f  e l e c t r o - h y d r a u l i c  c o n t r o l  w i th  t h a t  o f  f l u i d  s w i t c h ­
in g  c i r c u i t  c o n t r o l .
H aving  th e  a d v a n ta g e  o f  t h e  r e s u l t s  o f  t h e  above m en tioned  r e ­
s e a r c h  s t u d i e s ,  t h e  a u th o r  i n i t i a t e d  two c o n c u r r e n t  i n v e s t i g a t i o n s .
8One s tu d y  In v o lv ed  th e  e l e c t r o - h y d r a u l i c  an a lo g y  o f  s w i tc h in g  c i r c u i t s ,  
and t h e  second s tu d y  p u rsu e d  th e  a p p l i c a t i o n  o f  B oo lean  a lg e b r a  f o r  
s y n t h e s i z i n g  f l u i d  n e tw o rk s .  The f i r s t  s tu d y  co n d u c ted  and r e p o r t e d  
w i th  Mr. J .  M. Case ( 9) a t te m p te d  to  b r id g e  th e  gap betw een e l e c t r i c a l  
c i r c u i t s  and f l u i d  c i r c u i t s  by u s in g  a p p r o p r i a t e  a n a l o g ie s  and a c i r ­
c u i t  r e d u c t i o n  scheme. A lthough  s u c c e s s f u l l y  acco m p lish ed  and com­
p l e t e l y  v e r i f i e d  e x p e r i m e n t a l ly ,  t h e  i n t u i t i v e  app roach  s t i l l  p r e v a i l e d  
to  a l a r g e  e x t e n t ;  and th e  method made th e  f l u i d  d e s ig n e r  c o m p le te ly  
d ep en d e n t upon th e  a t t a in m e n t  o f  th e  c o r re s p o n d in g  e l e c t r i c a l  c i r c u i t .  
Such a  s i t u a t i o n  would n o t  be  a m a jo r  improvement o v e r  th e  p r e s e n t  
c o n d i t i o n .  The second  s tu d y  was c o n d u c ted  by Hr. O 'N e i l l  B u r c h e t t  ( lO ) 
and r e s u l t e d  in  an a n a l y t i c a l  d e m o n s t r a t io n  o f  s im p le  s w i tc h in g  c i r c u i t  
d e s ig n  a lo n g  th e  same l i n e s  o f  Mr. R o n a n 's .  No b a s i s  was g a in e d  f o r  
f u t u r e  e f f o r t s ,  and a g e n e r a l  f e e l i n g  o f  d isco u rag e m en t  p r e v a i l e d .
No m a jo r  a t t e m p t  h as  been r e p o r t e d  on th e  a p p l i c a t i o n  o f  know ledge 
from  o t h e r  d i s c i p l i n e s  to  th e  s o l u t i o n  o f  f l u i d  ne tw ork  p rob lem s. The 
s i g n i f i c a n t  p r o g r e s s  made in  t h e  f i e l d  o f  e l e c t r i c a l  e n g in e e r in g  to  
e s t a b l i s h  a s w i tc h in g  th e o ry  f o r  e l e c t r i c a l  ne tw orks  m ust be r e c o g ­
n iz e d .  The modern th e o ry  o f  e l e c t r i c a l  s w i tc h in g  c i r c u i t s  was i n i t i ­
a t e d  i n  19)8  by C laude  E. Shannon (11 )  who in t r o d u c e d  t h e  u s e  o f  a l g e ­
b r a i c  l o g i c  in  d e s ig n in g  s im p le  e l e c t r i c a l  r e l a y  c i r c u i t s .  A r i g o r o u s  
l o g i c a l  method f o r  d e s ig n in g  s e q u e n t i a l  c i r c u i t s  d id  n o t  appea r  u n t i l  
195k when Mr. D. A. Huffman (12) p r e s e n te d  h i s  now famous f low  t a b l e  
p ro c e d u re  to  d i s p l a y  s e q u e n t i a l  c i r c u i t  b e h a v io r .  The d e t a i l s  in v o lv e d  
in  t h e  e v o lu t io n  o f  s w i tc h in g  th e o r y  must be  accompanied by th e  c h a r a c ­
t e r i s t i c  n a t u r e  o f  B oolean  a l g e b r a ;  t h e r e f o r e  C h a p te r  IV w i l l  expound
9t h e  developm ent o f  t h i s  th e o ry .
The g e n e r a l  s t a t u s  o f  f l u i d  c i r c u i t  s y n th e s i s  and a n a l y s i s  as 
r e v e a l e d  in  t h i s  c h a p t e r  p u r p o r t s  t h e  o b v io u s  need f o r  s t u d i e s  in  t h i s  
f i e l d .  S in c e  t h e  r e q u i r e m e n t s  imposed on e l e c t r i c a l  s w i tc h in g  c i r c u i t s  
p a r a l l e l  t h o s e  o f  f l u i d  s w i tc h in g  c i r c u i t s ,  a p o s s i b l e  s o l u t i o n  to  
th e  f l u i d  c i r c u i t  d e s ig n  dilemma a p p e a rs  to  be in  e l e c t r i c a l  s w i tc h ­
in g  c i r c u i t  th e o ry .  T h is  i s  th e  d i r e c t i o n  p u rsu ed  by th e  a u th o r  in  
t h i s  i n v e s t i g a t i o n .
CHAPTER III
STATEMENT OF PROBLEM
-The p u rp o se -o f -b h irs—i n v e s t i g a t i o n  was to  advance a l o g i c a l  method
f o r  th e  s y n t h e s i s  and a n a l y s i s  o f  f l u i d  s w i tc h in g  ne tw orks  to  r e p l a c e  
th e  I n t u i t i v e  p ro c e d u re s  c u r r e n t l y  b e in g  a p p l i e d .  The g e n e r a l  p la n  
o f  a t t a c k  was t o  s tu d y  t h e  s t a t e  o f  th e  a r t  o f  e l e c t r i c a l  s w i tc h in g  
th e o ry  and to  d e te rm in e  i t s  p o s s i b l e  a p p l i c a t i o n  to  f l u i d  c o n t r o l  c i r ­
c u i t s .  An a p p r o p r i a t e  method has  been deduced  and w i l l  b e  d em o n s tra ted  
b o th  a n a l y t i c a l l y  and e x p e r im e n ta l ly .
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CHAPTER IV
EVOLUTION OF SWITCHING CIRCUIT THEORY AND CONCEPTS
S w itc h in g  c i r c u i t  th e o ry  owes i t s  e x i s t e n c e  to  fo rm al l o g i c  w hich 
was founded  by A r i s t o t l e  (hOO B .C .)  when he  fo r m a l iz e d  h i s  s y s te m  o f  
s y l lo g i s m s .  T h e re  a r e  many r e p o r t s  th ro u g h o u t  h i s t o r y  o f  a t t e m p t s  
by p h i l o s o p h e r s  to  f i n d  a m anageab le  symbolism f o r  t h e  f o r m a l i z a t i o n  
o f  l o g i c .  T r a d i t i o n a l l y ,  t h e  s c ie n c e  o f  th e  p h i l o s o p h e r ,  l o g i c ,  h as  
o n ly  been o f  i n t e r e s t  to  t h e  m a th e m a t ic ia n  i n  th e  p a s t  c e n tu ry  o r  so .
I n  1854 ,  an E n g l i s h  m a th e m a t ic ia n ,  G eorge B oole  (1815-1864) p r e s e n t e d  
t h e  f i r s t  p r a c t i c a l  system  o f  l o g i c  i n  a l g e b r a i c  form . B o o le 's  p u b l i ­
c a t i o n s ,  t h e  M a th em a tica l  A n a ly s i s  o f  L og ic  ( I 3 ) and The Laws o f  
Thought ( l 4 ) ,  e s t a b l i s h e d  a  new m a th em a tic s  c a l l e d  B oolean  a l g e b r a  
w hereby th e  p rob lem s in  l o g i c  can  b e  r e p r e s e n t e d  and s o lv e d  in  a  manner 
s i m i l a r  to  c o n v e n t io n a l  a lg e b r a .  S in c e  th e  i n j e c t i o n  o f  a l g e b r a i c  
l o g i c  by B o o le ,  many m a th e m a t ic ia n s  in c lu d in g  A ugustu s  DeMorgan,
G o t t l o b  F r e g e ,  and R u s s e l  and W hitehead  have  made m a jo r  c o n t r i b u t i o n s  
t o  w hat i s  r e c o g n iz e d  and employed to d a y  a s  Modern Boolean  A lg e b ra .
A lg e b r a i c  l o g i c  was c o n c e iv e d  f o r  t h e  p u rp o se  o f  inq>lementing 
th e  s o l u t i o n  o f  l o g i c  prob lem s co n ce rn ed  w i th  t h e  n a t u r e  o r  form o f  
t h e  p a s s a g e  from  ev id en ce  to  c o n c lu s io n s .  I t  was n o t  in v e n te d  w i th  
any t e c h n i c a l  a p p l i c a t i o n  i n  mind. For e ig h ty  y e a r s ,  sym bo lic  l o g i c
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was g e n e r a l l y  r e g a r d e d  a s  an i n t e r e s t i n g  b u t  u s e l e s s  co n ce p t  w i th  no 
p r a c t i c a l  a p p l i c a t i o n .  I n  1 ^ )8 ,  w h i l e  s t i l l  a g r a d u a te  r e s e a r c h  
a s s i s t a n t  a t  M. I .  T . ,  Mr. C laude  E. Shannon r e c o g n iz e d  t h a t  t h e  l o g i ­
c a l  s t r u c t u r e  o f  an e l e c t r i c a l  s w i tc h in g  c i r c u i t  was com parab le  to  th e  
s t r u c t u r e  o f  sym bo lic  l o g i c  — an in s t r u m e n t  o f  e x a c t  th o u g h t  b o th  
a n a l y t i c  and c o n s t r u c t i v e .  T h is  l o g i c  s t r u c t u r e  was t h a t  B oolean  a l g e ­
b r a  i s  a tw o -v a lu e d  o r  b in a r y  a l g e b r a  w h e re in  ev e ry  te rm  has j u s t  two 
exem plary  v a lu e s  w i th  s y s t e m a t i c  r u l e s  f o r  t h e  u s e  o f  t h r e e  fundamen­
t a l  c o n n e c t iv e s ,  AND, OR, and NOT. S h a n n o n 's  p a p e r  (1 1 )  d e m o n s t ra te d  
th e  a p p l i c a t i o n  o f  c l a s s i c a l  B oolean  a l g e b r a  o f  sy m b o lic  l o g i c  by  p r o ­
v i d i n g  an o r d e r l y  a l g e b r a i c  p ro c e d u re  f o r  th e  t r e a tm e n t  o f  r e l a y  co n ­
t a c t  n e tw o rk s  and th u s  e s t a b l i s h e d  him a s  b e in g  th e  i n i t i a t o r  o f  modern 
s w i tc h in g  th e o ry .
S w i tc h in g  E q u a t io n s
A Boolean s w i tc h in g  e q u a t io n  c o m p le te ly  d e s c r i b e s  t h e  i n t e r c o n ­
n e c t i o n  o f  s w i tc h in g  e le m e n ts  and th e  r e q u i r e d  b in a r y  com ponents. The 
v a r i a b l e s  a s s o c i a t e d  w i th  a B oolean  e q u a t io n  a r e  t h e  v a r io u s  l e t t e r s  
c o m p r is in g  th e  f u n c t i o n .  Each i n d i v i d u a l  e n t r y  o f  an e q u a t io n  i s  
te rm ed  a  l i t e r a l  o f  t h e  f u n c t i o n .  I f  t h e  e q u a t io n  d e s c r i b e s  an e l e c ­
t r i c a l  s w i tc h in g  c i r c u i t ,  t h e  l i t e r a l s  r e p r e s e n t  i n d i v i d u a l  s w i tc h e s  
A, B, C, e t c .  A l i t e r a l  can o n ly  p o s s e s s  two v a l u e s ,  0 and 1 , i n  t h e  
same manner t h a t  a b in a r y  s w i tc h  can  b e  e i t h e r  o f f  (o) o r  on ( 1) .
The fundam en ta l  c o n n e c t iv e s ,  AND, OR, and NOT, d e s c r i b e  t h e  
i n t e r c o n n e c t i o n  o f  th e  l i t e r a l s  o r  s w i tc h e s .  T hese  " c o n n e c t iv e s "  a r e  
commonly r e f e r r e d  to  a s  l o g i c  f u n c t i o n s  and h av e  th e  fo l lo w in g  cus tom ary
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sym bols: AND ■ • as  in  c o n v e n t io n a l  m u l t i p l i c a t i o n ,  OR ■ + as i n  con­
v e n t i o n a l  a d d i t i o n ,  and NOT "  w i th  th e  com plem en ta tion  s ig n  above 
t h e  i n d i c a t e d  l i t e r a l .  B oth  th e  AND and OR c o n n e c t iv e s  a r e  b in a r y  
o p e r a t i o n s  w hereas  th e  NOT c o n n e c t iv e  i s  a unary  o p e r a t io n .
I n  a  Boolean  e q u a t io n  c o n t a in in g  o n ly  l i t e r a l s  and AND f u n c t i o n s  
( su c h  a s  ABC), th e  e q u a t io n  has a v a l u e  o f  one i f  A = 1 AND B = 1 AND 
C = 1. R e l a t i n g  t h i s  c o n c e p t  to  a s w i tc h in g  c i r c u i t ,  an o u tp u t  i s  
p roduced  o n ly  when a l l  o f  a  g iven  number o f  in p u t  s i g n a l s  a r e  a p p l i e d .  
H ence, A must be  c lo s e d  AND B must b e  c l o s e d  AND C m ust be c lo s e d  to  
o b t a i n  an o u tp u t  s i g n a l .  The s w i tc h in g  c i r c u i t  r e p r e s e n t i n g  th e  equa­
t i o n  X "  ABC i s  shown in  F ig .  4 -1  ( a ) .
An OR l o g i c  e q u a t io n  ( s u c h  as  A +  B +  C) has  a v a l u e  o f  one i f  
A "  1 0 R B »  1 OR C = 1; t h e r e f o r e ,  to  o b t a i n  an o u tp u t  from th e  
i n f e r r e d  c i r c u i t ,  A must be  c lo s e d  OR B m ust be  c l o s e d  OR C must be  
c lo s e d .  The e l e c t r i c a l  c i r c u i t  d e s c r i b i n g  th e  OR e q u a t io n  X = A +  B + 
C i s  i l l u s t r a t e d  in  F ig .  4 -1  (b ) .
From F ig .  4 - 1 ,  i t  can  b e  su rm ised  t h a t  th e  AND f u n c t i o n  d e s c r i b e s  
s e r i e s  co n n e c te d  s w i tc h e s  w h i l e  th e  OR f u n c t i o n  d e s c r i b e s  p a r a l l e l  con­
n e c t e d  s w i tc h e s .  In  a B oolean  e q u a t io n  c o n s i s t i n g  o f  o n ly  a com ple­
m ented  l i t e r a l  (such  as  A ) ,  t h e  e q u a t io n  h a s  a v a l u e  o f  one i f  A = 0 
w i th  t h e  d e s c r ib e d  e l e c t r i c a l  c i r c u i t  h a v in g  an o u tp u t  i f  A i s  NOT 
a c t u a t e d  as  e x h i b i t e d  i n  F ig .  4 -1  ( c ) .  T hus ,  an uncomplemented l i t e r a l  
s u g g e s t s  a n o rm a l ly -o p en  s w i tc h  w h i le  a complemented l i t e r a l  i s  a 
n o r m a l ly - c lo s e d  sw itc h .
+
#—
•—
llj.
A
A /-
( a )  E l e c t r i c a l  C i r c u i t  f o r  X = ABC
C
B
(b )  E l e c t r i c a l  C i r c u i t  f o r  X » A + B .+ C
X
A .
( c )  E l e c t r i c a l  C i r c u i t  f o r  X » Â
F ig .  l t -1 .  C i r c u i t  C o n f ig u r a t io n s  f o r  Logic  F u n c t io n s
A p p l i c a t i o n  o f  L og ic  P ro c e s s e s  
I t  h a s  been d e m o n s t ra te d  t h a t  a B oo lean  e q u a t io n  i s  a  l o g i c  ex­
p r e s s i o n  f o r  a  c i r c u i t  c o n f i g u r a t i o n  whereby th e  o u tp u t  i s  d e s c r ib e d  
i n  te rm s o f  t h e  v a r i a b l e s .  Complete c o n f id e n c e  m ust be  e s t a b l i s h e d  
in  t h e  r e l a t i o n s h i p  betw een a  l o g i c  e x p r e s s io n  and i t s  c o r re sp o n d in g  
c i r c u i t  c o n f i g u r a t i o n .  I n  o r d e r  to  p rom ote  t h i s  c o n f id e n c e ,  t h e  c i r ­
c u i t  i l l u s t r a t e d  in  F ig .  4 - 2  w i l l  be  d i s c u s s e d .
I t  can  be  seen  t h a t  t h e  e x c i t a t i o n  o f  s o le n o id  X in  F ig .  4 -2  i s  
acco m p lish ed  by e x c i t i n g  A AND e i t h e r  B OR NOT C o r  in  a n o th e r  way by 
e x c i t i n g  C AND NOT B. The Boolean e x p r e s s io n  f o r  t h e  above lo g i c
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F ig .  If-2. C i r c u i t  f o r  th e  E x p re s s io n  X = A(B +  C) +  CB
s ta t e m e n t  i s
X « A(B + C) + CB 4 -1
T h is  c i r c u i t  i n t e r p r e t a t i o n  co n c e p t  in v o lv in g  e l e c t r i c a l  c o n t a c t s  i s  
b o th  s im p le  and fu n d am e n ta l  and can b e  a p p l i e d  to  e l e c t r i c a l  c i r c u i t s  
i n  e v e ry  c a s e .  However, t h e  q u e s t i o n  a r i s e s  w h e th e r  th e  c i r c u i t  r e p r e ­
s e n te d  by a  g iv e n  B oolean  e x p r e s s io n  c o n t a in s  r e d u n d a n c ie s  w h ich  cou ld  
b e  e l im i n a te d  t o  y i e l d  a s im p le r  c o n f i g u r a t i o n .  T h ere  a r e  s e v e r a l  p r o ­
c e d u re s  w hich  can  be  employed to  m in im ize  c i r c u i t  c o n f i g u r a t i o n s .
The p ro c e d u re s  t o  be p r e s e n te d  have been  s e l e c t e d  n o t  o n ly  f o r  t h e i r  
u t i l i t y  v a lu e  in  s im p l i f y in g  c i r c u i t  e q u a t io n s  b u t  f o r  d e m o n s t r a t in g  
s e v e r a l  b a s i c  c o n c e p ts  and r e l a t i o n s  o f  Boolean a lg e b r a .
The s i m p l i f i c a t i o n  o f  Eq. 4 -1  can b e  a c h ie v e d  by em ploying th e  
fu n d am e n ta l  theorem s o f  B oo lean  a l g e b r a  p r e s e n te d  i n  A ppendix  A. The 
theorem s o f  B oolean  a l g e b r a  e s t a b l i s h  t h e  fu n d am e n ta l  r e a r r a n g e m e n ts  
w hich  a r e  p o s s i b l e  w i th o u t  a f f e c t i n g  t h e  e q u iv a le n c e  o f  t h e  e q u a t io n  
o r  c i r c u i t .  T hese  theo rem s a r e  o f t e n  c l a s s i f i e d  in  te rm s o f  th e  
number o f  v a r i a b l e s  in v o lv e d ;  f o r  exam ple , s i n g l e  v a r i a b l e  th e o re m s .
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two v a r i a b l e ,  th e o re m s ,  e t c .  Expanding Eq. 4 -1  by t h e  u s e  o f  Theorem 
T-11 ( a )  r e s u l t s  in
X -  AB + AC +  CB 4-2
U sing  Theorem T - l 4 ( a )  g iv e s  th e  i d e n t i t y
AC + CB » AC +  CB +  AB 4-5
S u b s t i t u t i n g  th e  i d e n t i t y  (Eq. 4 -3 )  i n t o  Eq. 4 - 2 ,  y i e l d s
X -  AB +  AC +  CB +  AB 4 -4
A pp ly in g  Theorem T-11 ( a )  g iv e s
X = A(B +  B) +  AC +  CB 4-5
The r e d u c t io n  o f  Eq. 4-5  can be  acco m p lish ed  by u s in g  Theorem T -4  (b) 
w hich  p roduces
X « A +  AC +  CB 4-6
By em ploying Theorem T-7  ( a ) ,  t h e  f i n a l  s i m p l i f i e d  e q u a t io n  becomes
X = A +  CB 4 -7
A nother  method f o r  a c h ie v in g  th e  s i m p l i f i c a t i o n  o f  a c i r c u i t  
e q u a t io n  as  w e l l  as g a in in g  an i n s i g h t  i n t o  th e  fu n d am e n ta l  c h a r a c t e r ­
i s t i c s  o f  B oolean  a lg e b r a  i s  th e  a p p l i c a t i o n  o f  t h e  t r u t h  t a b l e .  A 
t r u t h  t a b l e  i s  a d i s p l a y  o f  a l l  t h e  p o s s i b l e  co m b in a t io n s  o f  v a l u e s  
o f  t h e  v a r i a b l e s  and th e  r e s u l t i n g  e f f e c t  o f  each co m b in a tio n  on th e  
o u tp u t  v a lu e .  The s p e c i f i c a t i o n :  f o r  t h e  o p e r a t i o n  o f  s o le n o id  X i n  
F ig .  4 -2  i s  g iv e n  by th e  c i r c u i t  e q u a t io n  (Eq. 4 - 1 ) .  S in c e  t h r e e  
v a r i a b l e s  (Aj B and C) a r e  in v o lv e d ,  t h e r e  a r e  2^ o r  8 c o m b in a t io n s  
o f  v a l u e s  f o r  t h e  t h r e e  b in a r y  v a r i a b l e s .  The t r u t h  t a b l e  f o r  Eq. 4 -1  
i s  shown in  T a b le  4 -1 .
I n  t h e  t r u t h  t a b l e  shown i n  T a b le  4 - 1 ,  t h e  f i r s t  t h r e e  columns 
m e re ly  d e p i c t  a l l  th e  ways in  w hich th e  two v a lu e s  0 and 1 can  b e
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a s s ig n e d  to  t h é  v a r i a b l e s  A, B, C. The f o u r th  column shows th e  r e s u l t  
o f  t h e  p a r t i c u l a r  v a lu e s  o f  th e  v a r i a b l e s  on th e  v a l u e  o f  th e  o u tp u t  
(X) a s  I n d i c a t e d  by t h e  c i r c u i t  e q u a t io n  (Eq. 4 - 1 ) .  The P o s t u l a t e s  
o f  B oo lean  a l g e b r a  a s  p r e s e n te d  In  Appendix  A a r e  r e q u i r e d  to  e v a lu ­
a t e  t h e  o u tp u t  c o n d i t i o n  ( v a lu e  o f  th e  e q u a t io n )  f o r  p r e s c r i b e d
TABLE 4 -1
TRUTH TABLE FOR X »  A(B +  C) +  CB
A B C  X
0 0 0 0
0 0 1 1
0 1 0  0
O i l  0
1 0  0 1
1 0  1 1
1 1 0  1
1 1 1  1
I n p u t s  ( v a lu e s  o f  t h e  v a r i a b l e s ) .  For exam ple, t h e  v a l u e  o f  X f o r  
I n p u t  v a lu e s  o f  A ■ 0 ,  B * 0 ,  and C “  1 can  be e v a lu a te d  by s u b s t i ­
t u t i n g  th e  v a l u e s  o f  th e  v a r i a b l e s  In  t h e  e q u a t io n  a s  f o l lo w s :
X ■ A(B +C) +  CB '  4 -1
X -  0 (0  + 0) + 1(1)
U sing  P o s t u l a t e  P -2  ( b ) ,  g iv e s
X -  0 (0 )  +  1(1) . ,
A p p ly in g  P o s t u l a t e s  P -2  ( a )  and P -3  ( a )  y i e l d s
X -  0 +  1
U sin g  P o s t u l a t e  P -4  (b )  g iv e s  X ■ 1 w hich I s  r e c o r d e d  In  t h e  X column 
o f  t h e  t r u t h  t a b l e  o p p o s i t e  th e  c o r re s p o n d in g  In p u t  v a r i a b l e  v a lu e s .
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The t r u t h  t a b l e  shown in  T a b le  4 -1  r e v e a l s  t h a t  t h e  e x c i t a t i o n  o f  
X i s  d e s i r e d  when any one o f  f i v e  in p u t  c o n d i t i o n s  i s  s a t i s f i e d ;  h en ce ,  
th e  f o l lo w in g  e q u a t io n  s a t i s f i e s  th e  t r u t h  t a b l e :
X -  Â B C +  A B C  +  A B C  + A B C  +  A B C  4 -8
The s i m p l i f i c a t i o n  o f  Eq. 4 -8  u s in g  th e  fu n d am en ta l  theorem s o f  Boolean
a l g e b r a  can b e  acco m p lish ed  a s  f o l lo w s :
By th e  d i s t r i b u t i v e  law Theorem T-11 ( a )
X = Â B C +  AB(C +  C) +  AB(C + .C ) 4 -9
U sing  theorem  T -4  (b)
X - Â B C  +  ÀB + AB 4 -1 0
A pp ly ing  Theorems T-11 ( a )  and T -4  (b )  a g a in  g iv e s
X -  Â B C +  A 4 -1 1
U sing  Theorem T-8  ( a )  o r  Theorem T -1 )  ( a )  r e s u l t s  in
X » A +  BC 4 -7
The c i r c u i t  d e s c r ib e d  by  Eq. 4 -7  and shown in  F ig .  4 -3  r e p r e s e n t s  
th e  s im p l e s t  form o f  th e  o r i g i n a l  e q u a t io n  (Eq. 4 - 1 ) .  I t  sh o u ld  be 
n o te d  t h a t  th e  c i r c u i t  p o s s e s s e s  t h e  same c h a r a c t e r i s t i c s  as  th e  
o r i g i n a l  c i r c u i t  (F ig .  4 - 2 ) .
B
F ig .  4 -3 .  C i r c u i t  f o r  X = A + BC
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G r a p h ic a l  S i m p l i f i c a t i o n  
There  hav e  been  a number o f  methods p ro p o se d  - -  Q uine ( I 5 ,  I 6 ) ,  
McCluskey ( 1 ? ) ,  and V e i t c h  ( I 8 ) - -  f o r  acc o m p lish in g  th e  s i m p l i f i c a ­
t i o n  o f  B oolean  e q u a t io n s  w i th o u t  r e s o r t i n g  t o  th e  r e p e a t e d  a p p l i c a ­
t i o n  o f  B oo lean  theo rem s.  I t  i s  n o t  th e  p u rp o s e  o f  t h i s  e x p o s i t io n  
to  p r e s e n t  and c r i t i c i z e  such  m e th o d s ,  b u t  t h e r e  i s  one p a r t i c u l a r  
method t h a t  i s  m ost u s e f u l  and p ro v id e s  a b a s i s  f o r  f u t u r e  c o n s i d e r a ­
t i o n s  o f  co n c e rn  to  t h i s  s tu d y .  T h is  method i s  te rm ed th e  Karnaugh 
Map Method and i s  b a se d  p r i n c i p a l l y  on Theorem T-9  ( a ) ,  i . e . ,
XY +  XŸ +  X. The Karnaugh map u t i l i z e s  t h e  r e f l e c t e d  b in a ry  (G ray  
Code) o r d e r in g  sy s tem  f o r  t h e  rows and columns o f  t h e  map r a f h e r  th a n  
a  s t r a i g h t  b in a r y  o r d e r in g  sy s tem . A Gray Code i s  a method o f  c o u n t ­
in g  in  a b i n a r y  number system  such  t h a t  o n ly  one b in a r y  b i t  changes  a t  
a  t im e .  A com parison  o f  th e  two code  system s can  be  o b se rv ed  in  
T a b le  4 -2 .
TABLE k - 2  
STRAIGHT AND REFLECTED BINARY CODES
0 0 0 0 0 0
0 0 1 0 0 1
0 1 0 R e f l e c t e d 0 1 1
S t r a i g h t 0 1 1 B in a ry 0 1 0
B in a ry 1 0 0 o r 1 1 0
Code 1 0 1 Gray 1 1 1
1 1 0 Code 1 0 1
1 1 1 L.O 0
K arnaugh maps r e p r e s e n t  c i r c u i t  o r  B oolean  e x p r e s s io n  in  t h e i r  
f u l l y  expanded form  much l i k e  t r u t h  t a b l e s .  However, a map in  c o n t r a s t
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t o  t h e  t r u t h  t a b l e  e x h i b i t s  b a s i c  p a t t e r n s  w hich  p e r m i t  th e  s im p l e s t  
e x p r e s s io n  to  be  r e a d  d i r e c t l y .  U sing  th e  p ro c e d u re s  f o r  d e v e lo p in g  
t h e  Karnaugh map as  o u t l i n e d  in  Appendix B, Eq. 4 -8  can be e x p re s s e d  
i n  map form a s  shown in  F ig .  4 -4 .
BC
A 0 0  01 11 1 0
0 1
1 1 I 1 1
F ig .  4 -4 .  Karnaugh Map f o r  Eq. 4 -8
Employing t h e  r e a d in g  te c h n iq u e  p r e s e n te d  in  Appendix  B, Eq. 4 -7  
can  be  r e a d  d i r e c t l y  from th e  map by  l e t t i n g  a l l  e n t r i e s  i n  row 1 be  
r e p r e s e n t e d  by A and th e  e n t r i e s  i n  column 01 be  r e p r e s e n t e d  by BC. 
F u r th e rm o re ,  i t  can be seen  t h a t  t h e  o r i g i n a l  e q u a t io n  r e p r e s e n t e d  by 
F ig .  4 -2  i s  n o t  t h e  s im p l e s t  form b e c a u se  i t  was o b ta in e d  by c o n s i d e r ­
in g  t h r e e  s e p a r a t e  group p a t t e r n s  on t h e  map r a t h e r  th a n  two. The 
t h r e e  p a t t e r n s  a r e :  1) row 1 — columns 00 and 10; 2 )  row 1 —
columns 11 and 10 , and 3 )  rows 0 and 1 — column 01.
A lthough  th e  Karnaugh map c o m p le te ly  d e s c r ib e s  a  Boolean e q u a t io n  
i n  a l l  o f  i t s  fo rm s ,  a r e a s o n a b le  amount o f  p r a c t i c e  i s  r e q u i r e d  to  
a p p r e c i a t e  i t s  e f f e c t i v e n e s s .  A K arnaugh map can be  r e a d  v e ry  f a s t  
and p r o f i c i e n t l y  f o r  e q u a t io n s  h a v in g  f o u r  o r  l e s s  v a r i a b l e s ;  b u t  s i n c e  
t h e  map d o u b le s  i n  s i z e  f o r  each v a r i a b l e  i n c lu d e d ,  i t  becomes a lm o s t  
p r o h i b i t i v e  above e i g h t  o r  t e n  v a r i a b l e s .
From th e  d i s c u s s io n  a l r e a d y  p r e s e n te d  on t h e  c h a r a c t e r i s t i c s  and 
i n t e r p r e t a t i o n  o f  Boolean  e q u a t io n s ,  i t  sh o u ld  b e  a p p a r e n t  t h a t  i t  i s
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p o s s i b l e  t o  m a n ip u la te  a f u n c t io n  I n t o  many d i f f e r e n t  a l g e b r a i c  forms 
w i th o u t  ch an g in g  th e  e q u iv a le n c e .  A l s o ,  f o r  e v e ry  a l g e b r a i c  form o f  
an e x p r e s s i o n ,  a c o r r e s p o n d in g ly  d i f f e r e n t  c i r c u i t  I s  o b ta in e d .  
Sym bolic  l o g i c  h a s ,  t h e r e f o r e ,  p ro v id e d  th e  means to  a c h ie v e  c i r c u i t  
u n iq u e n e s s  w i th  l o g i c a l  I d e n t i t y .
Types o f  C i r c u i t s  
The a p p l i c a t i o n  o f  B oo lean  a l g e b r a  to  s w i tc h in g  c i r c u i t  d e s ig n  
h a s  been  a  m a jo r  c o n t r i b u t i n g  f a c t o r  t o  th e  s u c c e s s f u l  s y n t h e s i s  o f  
complex e l e c t r i c a l  c o n t r o l  and c o n ^ u te r  sy s tem s . I t  became th e  I n s t r u ­
ment f o r  I n c r e a s i n g  th e  r e a s o n in g  power o f  d e s ig n  e n g in e e r s  and can b e  
c r e d i t e d  f o r  many b a f f l i n g  d e v ic e s  In  p r e s e n t  day u s e .  The phenomenal 
grow th  o f  many c o n t r o l  a r e a s  such t h e  e l e c t r o n i c  com puter h a s  r e s u l t e d  
from th e  c a s c a d in g  o f  r a t h e r  s im p le ,  m o d u le - ty p e  c i r c u i t s  to  form com­
p le x  m achine n e tw o rk s .
F o r t u n a t e l y ,  t h e  ty p e  c i r c u i t r y  need ed  to  f o r m u la te  many c o n t r o l  
sy s tem s  o f  I n t e r e s t  In  t h e  p a s t  has  been  o f  a ty p e  which c o u ld  be  c a s ­
caded  and s y n th e s iz e d  by a  r e a s o n a b l e  e x t e n s io n  o f  b in a r y  a l g e b r a i c  
th e o ry .  The ty p e  c i r c u i t  r e f e r r e d  t o  I s  d e s ig n a t e d  as  c o m b in a t io n a l  
c i r c u i t s .  C o m b in a tio n a l  l o g i c  I s  c h a r a c t e r i z e d  by f u n c t i o n a l  v a lu e s  
w h ich  a re .  dependen t o n ly  on th e  e x i s t i n g  v a lu e s  o f  t h e  In d ep en d e n t 
v a r i a b l e s .  T h is  ty p e  c i r c u i t  e s t a b l i s h e s  a d e f i n i t e  co m b in a tio n  o f  
o u tp u t  c o n d i t i o n s  f o r  a g iv e n  c o m b in a tio n  o f  In p u t  c o n d i t i o n s  r e g a r d ­
l e s s  o f  I n p u t  o r d e r ;  h e n c e ,  th e  o u tp u t  I s  c o m p le te ly  depen d en t upon 
p r e s e n t  I n p u t  c o n d i t i o n s .
The s y n t h e s i s  o f  e l e c t r i c a l  c o m b in a t io n a l  c i r c u i t s  h a s  become a
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m a tu re  f i e l d .  Many, d e t a i l e d  s t u d i e s  - -  s e e  ( I 9 ,  2 0 ,  2 1 ,  2 2 ,  23) — 
have  been r e p o r t e d  i n  t h e  l i t e r a t u r e  on th e  l o g i c a l  d e s ig n  o f  a lm o s t  
a l l  c l a s s e s  o f  th e s e  c i r c u i t s  in c lu d in g  s e r i e s - p a r a l l e l  n e tw o rk s ,  
m u l t i - t e r m i n a l  c o n t a c t  n e tw o rk s ,  and n o n - s e r i e s - p a r a l l e l  n e tw o rk s .  
Based on th e s e  s t u d i e s ,  t h e  d e s ig n  o f  many c l a s s e s  o f  c o m b in a t io n a l  
c i r c u i t s  h as  r e a c h e d  a  p o i n t  o f  b e in g  a lm o s t  a r o u t i n e  p ro c e d u re  fo r  
s w i tc h in g  c i r c u i t  e n g in e e r s .  The t e c h n iq u e  u se d  to  d eve lop  t h e  a s s o ­
c i a t e d  ne tw orks  o f  c o m b in a t io n a l  c i r c u i t s  in v o lv e s  t h e  re q u i re m e n ts  
f o r  each  o u tp u t  and th e  n e c e s s a r y  i n p u t s  t o  a c h ie v e  t h e  d e s i r e d  o u t ­
p u t  c o n d i t io n .
The i n i t i a t i o n  o f  a s w i tc h in g  c i r c u i t  d e s ig n  by i n t u i t i v e  o r  
l o g i c a l  means r e q u i r e s  a  r i g o r o u s  f o r m u la t io n  o f  t h e  c o n d i t i o n s  n e c e s ­
s a r y  to  a c t i v a t e  each o u tp u t .  Such a  f o r m u la t io n  means a f i r m  s e t  o f  
s p e c i f i c a t i o n s  w hich i s  l o g i c a l l y  m e a n in g fu l  i n  a manner t h a t  i s  
unambiguous and n o n - c o n t r a d i c t o r y .  S im ple  s t a t e m e n t s  a r e  needed  cov­
e r in g  ev e ry  combination-' o f  l o g i c a l  c o n d i t i o n s  as  to  w hat i s  r e q u i r e d ,  
what i s  n o t  r e q u i r e d ,  and w hat i s  o f  no co n ce rn  o r  im p o r tan ce .  A 
p r o f i c i e n t  method f o r  i n s u r i n g  t h a t  a l l  p o s s i b l e  co m b in a tio n s  o f  s t a t e s  
have  been  c o n s id e re d  i s  to  p r e p a r e  a t r u t h  t a b l e  o r  Karnaugh map 
whereby th e  d e s i r e d  o u tp u t  c o n d i t io n s  can  b e  c o n s id e re d  f o r  a l l  com­
b i n a t i o n s  o f  i n p u t  v a r i a b l e s .  C o n t r a d ic to r y ,  s ta t e m e n t s  can  a l s o  be 
d i s c o v e re d  w i th  such a l o g i c  t o o l  and r e c t i f i e d  i n  th e  f o r m u la t iv e  
s t a g e .  Any t a b l e  o f  c o m b in a t io n s  such a s  t h e  t r u t h  t a b l e  o r  Karnaugh 
map which c o n t a in s  each o f  t h e  2"  p o s s i b l e  c o m b in a t io n s  o f  v a lu e s  o f  
t h e  v a r i a b l e s  w i l l  s p e c i f y  t h e  Boolean  f u n c t i o n s  needed  to  d ev e lo p  th e  
p r e s c r i b e d  ne tw ork . F u r th e rm o re ,  such a  t a b l e  can  alw ays be  s a t i s f i e d
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by a c o m b in a t io n a l  c i r c u i t .
The s y n t h e s i s  o f  s w i tc h in g  c i r c u i t s  p r e s e n t s  two b a s i c  prob lem s 
t o  th e  e n g in e e r .  F i r s t ,  a c i r c u i t  m ust be  d e s ig n e d  w hich w i l l  s a t i s ­
fy  t h e  s p e c i f i c a t i o n s  o f  th e  i n p u t - o u t p u t  r e l a t i o n s .  Second, th e  
c i r c u i t  s h o u ld  c o n ta in  t h e  m ost econom ica l s e l e c t i o n  and a rran g em en t 
o f  f u n c t i o n a l  hardw are . The accom plishm ent o f  th e  second p rob lem  has 
o c c u p ie d  th e  m inds o f  many d e s i g n e r s ,  and a s u b s t a n t i a l  d e g re e  o f  
s u c c e s s  h as  been  ach iev ed  th ro u g h  th e  r e c o g n i t i o n  o f  b a s i c  c i r c u i t  
form s in  c o m b in a t io n a l  c i r c u i t  e q u a t io n s .  New.and e f f i c i e n t  te c h n iq u e s  
a r e  c o n s t a n t l y  a p p e a r in g  i n  t h e  l i t e r a t u r e  f o r  o b t a in in g  c i r c u i t s  con­
t a i n i n g  a minimum number o f  b in a ry  e le m e n ts .  A lthough  c o n s id e r a b le  
work s t i l l  rem a in s  to  be  a c c o m p lish e d  on d e s ig n in g  m inim al n e tw o rk s ,  
s u b s t a n t i a l  c o n t r i b u t i o n s  a r e  a l r e a d y  in  e v id e n c e .  A l i t e r a t u r e  s u r ­
vey  co n d u c ted  f o r  t h i s  s tu d y  r e v e a le d  t h a t  o v e r  250 d i f f e r e n t  p e o p le  
w ork ing  w i th  s w i tc h in g  c i r c u i t  th e o ry  h av e  r e p o r t e d  t h e i r  f i n d i n g s .  
A dding to  t h i s  t o t a l  th e  many unknown i n v e s t i g a t o r s ,  r e s u l t s  i n  a 
f a b u lo u s  c o n c e n t r a t i o n  o f  b r a i n s  in  one a r e a  which i s  d e v e lo p in g  b e ­
yond com prehension .
C o m b in a tio n a l  s w i tc h in g  l o g i c ,  a l th o u g h  r e p r e s e n t i n g  a v e r y  im­
p o r t a n t  ty p e  i n  e l e c t r i c a l  c o n t r o l  s y s te m s ,  does n o t  s a t i s f y  th e  r e ­
q u ire m e n ts  f o r  c i r c u i t s  in v o lv in g  memory o r  s e q u e n t i a l  a c t i o n .  A l l  
s w i tc h in g  c i r c u i t s  can  be  c l a s s i f e d  as  e i t h e r  c o m b in a t io n a l  o r  s e ­
q u e n t i a l ,  and i t  i s  th e  l a t t e r  ty p e  t h a t  h as  a g r e a t  p o t e n t i a l  i n  o th e r  
a s s o c i a t e d  f i e l d s .  S e q u e n t i a l  l o g i c  i s  c h a r a c t e r i z e d  by f u n c t i o n s  
w hich depend n o t  o n ly  on t h e  im m ediate  v a lu e s  o f  t h e  v a r i a b l e s  b u t  
a l s o  on th e  v a l u e s  o f  v a r i a b l e s  a t  some p r e v io u s  t im e . T h e r e f o r e ,  by
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d e f i n i t i o n ,  a  s e q u e n t i a l  c i r c u i t  i s  one in  which t h e  o u tp u t  i s  r e l a t e d  
n o t  o n ly  t o  t h e  p r e s e n t  i n p u t s  b u t  a l s o  t h e  p a s t  h i s t o r y  o f  t h e  in p u t s .
A s e q u e n t i a l  l o g i c  re q u ire m e n t ;  p r e s e n t s  a f a r  more d i f f i c u l t  
p rob lem  to  t h e  e n g in e e r  th a n  one w hich can  be s a t i s f i e d  by c o m b in a t io n ­
a l  l o g i c .  P r i o r  to  1954, t h e r e  was no method w hich was u n i v e r s a l l y  
a p p l i c a b l e  to  s e q u e n t i a l  p rob lem s. D. A. Huffman (1 2 )  was th e  f i r s t  
t o  deve lop  a method by w hich  th e  p a s t  i n p u t  c o n d i t i o n s  o f  a system  
c o u ld  be  r e c o r d e d  and become an i n t e g r a l  p a r t  o f  t h e  s o l u t i o n .  He p r e ­
s e n t e d  a  c h a r t ,  c a l l e d  a  " f lo w  t a b l e , "  t h a t  c o u ld  b e  u sed  to  r e g i s t e r  
t h e  p a s t  i n p u t  c o n d i t i o n s  and d e f i n e  t h e  o p e r a t io n  o f  t h e  d e s i r e d  
c i r c u i t r y .  The h o r i z o n t a l  rows o f  a  f lo w  t a b l e  r e p r e s e n t  th e  i n t e r n a l  
s t a t e s  o f  a sy s tem  w hereas  th e  v e r t i c a l  columns r e p r e s e n t  a l l  p o s s i b l e  
i n p u t  c o n d i t i o n s .  The e n t r i e s  i n  th e  f lo w  t a b l e  a r e  t h e  v a r i o u s  s t a t e s  
o f  t h e  sy stem  which a r e  im p l ie d  by th e  c i r c u i t  s p e c i f i c a t i o n .  The f low  
t a b l e  i s  s y s t e m a t i c a l l y ,  t r a n s fo rm e d  i n t o  Karnaugh maps which d e s c r i b e  
t h e  memory and o u tp u t  c i r c u i t s  w hich can  be  r e a d  in  te rm s  o f  i n d i v i d u a l  
c o m b in a t io n a l  c i r c u i t  e x p r e s s io n s .
C o n c u r r e n t ly  and in d e p e n d e n t ly  o f  Mr. Huffman, E. A. Moore (25) 
s t u d i e d  t h e  p r o p e r t i e s  o f  s e q u e n t i a l  m ach ines  and d ev e lo p ed  a th e o ry  
w hich  p a r a l l e l s  many a s p e c t s  o f  t h e  Huffman Method. A n o th e r* n o te ­
w o r th y  p u b l i c a t i o n  h av in g  a  p io n e e r  i n f l u e n c e  on s e q u e n t i a l  l o g i c  
m ethods i s  t h a t  o f  G eorge H. M ealy (2 6 ) .  M e a ly 's  e x t e n s i v e  r e p o r t  was 
d i r e c t e d  more a long  th e  l i n e s  r e q u i r e d  i n  t e le p h o n e  s w i tc h in g  c i r c u i t s ,  
b u t  h e  c l a r i f i e s  s e v e r a l  a s p e c t s  on r e d u c t i o n  te c h n iq u e s  o f  co n ce rn  
in  t h e  Huffman-Moore Model.
S in c e  t h e  p r i n c i p a l  o b j e c t i v e  o f  t h i s  d i s s e r t a t i o n  i s  th e  a n a l y s i s
25 *
and s y n t h e s i s  o f  h y d r a u l i c  s e q u e n t i a l  c i r c u i t s ,  a d e t a i l e d  d i s c u s s io n  
o f  s e q u e n t i a l  l o g i c  a s  a p p l i c a b l e  to  h y d r a u l i c  c i r c u i t s  i s  c o n ta in e d  
i n  th e  n e x t  c h a p t e r .  The c o n c e p ts  o f  e l e c t r i c a l  s e q u e n t i a l  l o g i c  
th e o ry  as  p u r p o r te d  by th e  above c i t e d  r e f e r e n c e s  and o th e r s  ( 26 ,  2 j )
. h av e  been  in s t r u m e n ta l  i n  p ro v id in g  t h e  b a s i s  f o r  t h e  h y d r a u l i c  c i r ­
c u i t  s y n t h e s i s  and a n a l y s i s  m ethods to  be  p r e s e n te d .  W ithout t h i s  
b a s i s ,  an u n p r e d i c t a b l e  and a lm o s t  in su rm o u n ta b le  amount o f  work would 
hav e  been  added to  t h i s  i n v e s t i g a t i o n .
CHAPTER V
CIRCUIT SYNTHESIS FOR FLUID DIGITAL NETWORKS
S y n th e s i s  i s  th e  p r o c e s s  o f  p u t t i n g  t o g e th e r  to  form a w hole  and 
i s  th e  o p p o s i t e  o f  a n a l y s i s .  I n  r e l a t i o n  to  t h i s  S tu d y ,  t h e  p ro c e s s  
c o n s i s t s  o f  f i n d i n g  a ne tw ork  t h a t  s a t i s f i e s  a p r e s c r i b e d  s e t  o f  r e ­
q u ire m e n ts .  The u t i l i z a t i o n  o f  l o g i c  t e c h n iq u e s  c a p a b le  o f  p ro d u c in g  
conq)le te  d e s c r i p t i o n s  o f  complex f l u i d  n e tw o rk s  w i l l  r e q u i r e  a  s i g n i f i ­
c a n t  e x t e n s io n  o f  o r d in a r y  f l u i d  s i g n a l  sy stem  c o n c e p ts .  A demand f o r  
f l u i d  power system s to  b e  c o n t r o l l e d  by se c o n d a ry  s i g n a l  ne tw orks  i s  
e x p re s s e d .  Such power sy s tem s must b e  r e s p o n s iv e  to  c o n t r o l  by f l u i d  
s i g n a l s  and must r e p o r t  t h e i r  o u tp u t  c o n d i t i o n s  i n  t h e  form o f  f l u i d  
s i g n a l s .  The above r e q u i r e m e n t s  a r e  n o t  n e c e s s a r i l y  in c o n g ru e n t  w i th  
t h e  c u r r e n t  g e n e r a l  p h i lo s o p h y  o f  f l u i d  sy s tem  d e s ig n  b e c a u se  a u to m a t ic  
and s e m i-a u to m a t ic  e l e c t r i c a l - c o n t r o l l e d ,  f lu id - p o w e r e d  m achines  r e c e i v e  
and em it  e l e c t r i c a l  s i g n a l s .
I n  o r d e r  to  p ro v id e  a  b a s i s  f o r  t h e  f u r t h e r  d i s c u s s io n  o f  f l u i d  
s i g n a l  c o n t r o l ,  an example o f  à f l t i i d ‘-powered sy s tem  e x h i b i t i n g  f l u i d  
s i g n a l  a d m it ta n c e  and e m i t t a n c e  c h a r a c t e r i s t i c s  i s  shown i n  F ig .  5 - I .  
and th e  c o r re s p o n d in g  e l e c t r i c a l - c o n t r o l l e d  sy s tem  i n  F ig .  $ - 2 .  Both 
m otor sy s tem s  have p r o v i s i o n s  f o r  g e n e r a t i n g  s i g n a l s  to  r e p o r t  lo ad  
and p o s i t i o n  in fo rm a t io n  and p o s s e s s  a p p r o p r i a t e  t r a n s m is s i o n  v a lv e s
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f o r  d i r e c t i n g  th e  motor-. The .h y d ra u l ic  c i r c u i t  symbols o f  t h e  ASA 
(American S ta n d a rd s  A s s o c i a t i o n )  w i l l  be u sed  f o r  a l l  f l u i d  c i r c u i t  
i l l u s t r a t i o n s .
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F ig .  5 -1 .  A F lu id - P o w e r e d - F lu id - C o n t r o l l e d  Motor System .
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F ig .  5 - 2 .  A F lu id -P o w ered  E l e c t r i c a l - C o n t r o l l e d  Motor System
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A f l u i d  system  may r e q u i r e  t h e  u s e  o f  s e v e r a l  f l u i d  m oto r system s 
w i th  v a r i o u s  in p u t? o u tp u t  c h a r a c t e r i s t i c s  t o  acc o m p lish  t h e  o b j e c t i v e s  
o f  th e  m ach ine . To im plem ent s p e c i f i c  o p e r a t i o n a l  r e q u i r e m e n t s ,  many 
d i f f e r e n t  v a lv e  c o n f i g u r a t i o n s  a r e  a v a i l a b l e  and c o n s id e r e d  s t a n d a r d  
com ponents. R e fe re n c e  i s  made p a r t i c u l a r l y  t o  t w o - p o s i t i o n ,  t h r e e -  
and fo u r-w ay  v a l v e s ,  a l s o  t o  t h r e e - p o s i t i o n ,  four-w ay. (b lo c k  c e n t e r ,  
open c e n t e r ,  c e n t e r  b y p a s s ,  e t c . )  v a l v e s .  The power v a lv e s  i n  F ig s .
5 -1  and 5 - 2  a r e  t h r e e - p o s i t i o n ,  b l o c k - c e n t e r e d ,  s p r i n g - c e n t e r e d ,  f o u r ­
way v a l v e s .
E s t a b l i s h i n g  t h e  s p e c i f i c  ty p e s  o f  f l u i d  powered m otor system s 
f o r  a m ach ine  e n a b le s  th e  o p e r a t i o n a l  s p e c i f i c a t i o n  to  b e  d e f in e d .  A 
f i r m  s e t  o f  s p e c i f i c a t i o n s  m ust c o n t a in  p r e c i s e  s ta t e m e n t s  a s  t o  th e  
d e s i r e d  o u tp u t  f o r  each  and e v e ry  co m b in a tio n  o f  i n p u t - o u t p u t  c o n d i t i o n .  
The f o r m u la t io n  o f  such  a  s p e c i f i c a t i o n  i s  u n d o u b te d ly  one o f  t h e  most 
d i f f i c u l t  p rob lem s i n  c o n t r o l  n e tw o rk  s y n t h e s i s .  However, i f  t h e  d e ­
s ig n e r  can  o b ta in  a d e c i s i o n  on th e  n e c e s s a r y  o u tp u t  f o r  each  ( 2" )  
co m b in a tio n  o f  i n p u t s ,  p lu s  in fo rm a t io n  o f  a s e q u e n t i a l  n a t u r e  on t h e  
o rd e r  o f  e v e n t s ,  a l o g i c a l  s y n t h e s i s  p ro c e s s  can  be i n i t i a t e d .
A l e t t e r  symbol i s  a s s ig n e d  to  each o u tp u t  from t h e  f l u i d  m otor 
sy stem  ( a n  in p u t  to  t h e  c o n t r o l  ne tw o rk )  and to  each in p u t  r e q u i r e d  by 
th e  m otor sy s tem  (an  o u tp u t  o f  t h e  c o n t r o l  n e tw o rk ) .  I t  i s  conven­
t i o n a l  t o  a s s ig n  ne tw ork  i n p u t s  a s  x ^ ,  Xg, e t c . ,  and n e tw o rk  o u tp u t s  
a s  Z i ,  Z g ,  e t c .  In  r e l a t i o n  to  n e tw o rk  o u t p u t s ,  t h e  m otor power v a l v e  
can  be  i n c o r p o r a t e d  i n t o  t h e  c o n t r o l  ne tw ork  w i th  Z% and Zg becoming 
th e  t r a n s m is s i o n  l i n e s  to  a c t u a t e  t h e  f l u i d  m otor i n s t e a d  o f  s i g n a l  
f l u i d .
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The o u tp u t  from a  v a l v e  c o u ld  hav e  t h r e e  d i s t i n c t  t r a n s m is s io n  
c o n d i t i o n s :  1) c o n n e c te d  to  p r e s s u r e ,  2 ) c o n n e c te d  to  ta n k ,  and
) )  b lo c k ed  t o  p r e s s u r e  and ta n k .  To implement t h i s  s tu d y ,  v a lv e s  
p o s s e s s in g  b lo c k  p o r t  c h a r a c t e r i s t i c s  w i l l  n o t  be  c o n s id e r e d  as  s u i t »  
a b l e  c o n t r o l  ne tw ork  e le m e n ts .  No m ajo r l i m i t a t i o n  i s  i n f e r r e d  by 
t h i s  r e s t r i c t i o n  w hich makes p o s s i b l e  th e  c r i t e r i a  t h a t  th e  b in a ry  
v a l u e  1 means open o r  p r e s s u r i z e d  w h i le  0 means a  ta n k ed  c o n d i t io n .
One im p o r ta n t  a s p e c t  w hich m u s t  be r e c o g n iz e d  i s  te rm ed th e  
s t a b i l i t y  c h a r a c t e r i s t i c s  o f  a  v a l v e .  T h is  c h a r a c t e r i s t i c  r e f e r s  to  
t h e  e x c i t a t i o n  and t r a n s m is s i o n  o f  a v a lv e .  A t im e  d e la y  always e x i s t s  
betw een th e  t im e  a v a l v e  i s  s i g n a l l e d  to  o p e r a t e  ( e x c i t e d )  and th e  t im e  
when t r a n s m is s i o n  i s  a c t u a l l y  acco m p lish ed .  A v a l v e  i s  c o n s id e re d  to  
be  i n  a s t a b l e  c o n d i t i o n  d u r in g  t h e  p e r io d  when a s i g n a l  i s  a p p l i e d  
and when t r a n s m is s i o n  o c c u r s .  The s t a b l e  c o n d i t i o n  o c c u rs  when th e  
t r a n s m is s i o n  f u n c t i o n  a g re e s  w i th  t h e  e x c i t a t i o n .  T h is  co n c e p t  o f  
s t a b i l i t y  can  a l s o  b e  ex ten d ed  to  c o n t r o l  n e tw o rk  o p e r a t i o n  — th e  
t im e  d e la y  betw een ne tw o rk  e x c i t a t i o n  and n e tw o rk  t r a n s m is s i o n .  I n  a 
n e tw o rk ,  t h e  t im e  d e l a y  o f  s e v e r a l  v a lv e s  may be  in v o lv e d  w hich g iv e s  
r i s e  to  n e tw o rk  i n s t a b i l i t y .
F l u i d  C i r c u i t  D e s c r ip t i o n
The f l u i d  c i r c u i t  s y n t h e s i s  te c h n iq u e  w hich  w i l l  be  d i s c u s s e d  i s  
b a se d  on t h e  f low  t a b l e  method o r i g i n a t e d  by Huffman ( l 4 ) .  The t e c h ­
n iq u e  e s t a b l i s h e s  a g e n e r a l  a p p ro ac h  to  th e  l o g i c a l  s y n t h e s i s  o f  f l u i d  
n e tw o rk s  and does  n o t  r e q u i r e  i n t u i t i v e  r e a s o n in g .  I t  h as  a p p l i c a t i o n  
to  t h e  b ro a d  c l a s s  o f  f l u i d  s w i tc h in g  c i r c u i t s  in v o lv in g  memory and
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p o s s e s s e s  th e  n e c e s s a r y  c h a r a c t e r i s t i c s  to  e f f e c t  a com prehensive  
u n d e r s ta n d in g  o f  th e  system .
The p ro c e d u re  u se d  to  s y n t h e s i z e  f l u i d  c i r c u i t s  i n v o lv e s  a number 
o f  s t e p s  which r e q u i r e  v a r i o u s  d e s c r i b i n g  c h a r t s  to  d ev e lo p  a s o l u ­
t i o n .  The c o m p le x i ty  o f  th e  t e c h n iq u e  i s  such  t h a t  a w r i t t e n  p r e s e n ­
t a t i o n  becomes a lm o s t  m e a n in g le s s  w i th o u t  th e  s im u l ta n e o u s  dem onstra ­
t i o n  o f  t h e  r u l e s ;  t h e r e f o r e ,  a s p e c i f i c  p rob lem  w i l l  b e  c o n s id e re d  
th ro u g h o u t  th e  d i s c o u r s e  to  i l l u s t r a t e  t h e  p ro c e d u re .  L e t  i t  be 
assumed t h a t  a f l u i d  ne tw o rk  i s  r e q u i r e d  to  c o n t r o l  t h e  tw o - c y l in d e r  
m otor c i r c u i t  shown in  F ig .  5 “5* The d e s i r e d  o p e r a t i o n  o f  th e  c y l i n ­
d e r s  i s :  c y l i n d e r  A c y c l e s  once (A ,A ) ; c y l i n d e r  B e x te n d s  (B ) ;  c y l ­
in d e r  A c y c l e s  a g a in  (A ,A ) ; and c y l i n d e r  B r e t r a c t s  (B ) .  The s h o r t ­
hand c i r c u i t  o p e r a t i o n  i s  th e n  A,A,B,A,A,B. The d e t e n t  v a lv e s  have 
m e c h a n ic a l  s p r in g  lo c k s  to  h o ld  th e  l a s t  p o s i t i o n  o f  t h e  v a lv e  u n t i l  
a f l u i d  s i g n a l  overcom es th e  d e t e n t  f o r c e  and r e p o s i t i o n s  t h e  v a l v e ' s  
a c t u a t i n g  e lem en t .  The ne tw ork  to  be  d e s ig n e d  w i l l  r e c e i v e  two i n p u t s  
( x i ,  X2 ) and e x c r e t e  two o u tp u t s  (2 %, Zg) as  i n d i c a t e d  by t h e  d iag ram .
The ne tw o rk  s y n t h e s i s  i s  i n i t i a t e d  by th e  developm ent o f  a p r i m i ­
t i v e  f lo w  t a b l e  w hich d e p i c t s  t h e  v a r i o u s  s t a t e s  t h e  n e tw o rk  must 
s a t i s f y  f o r  t h e  s p e c i f i e d  in p u t  and  o u tp u t s .  The p r i m i t i v e  f low  t a b l e  
i s  c o n s t r u c t e d  from t h e  word s t a t e m e n t  o f  th e  p rob lem  and e x h i b i t s  t h e  
d e s i r e d  o p e r a t i o n a l  seq u en ce  in  a c c o rd a n c e  w i th  b o th  i n p u t  and o u tp u t  
c o n d i t i o n s .  The p r i m i t i v e  f lo w  t a b l e  r e v e a l s  any c o n t r a d i c t o r y  o r  
in c o m p le te  s p e c i f i c a t i o n s ,  and t h e  a c c e p ta n c e  o f  i t s  i m p l i c a t i o n s  
becomes i r r e v o c a b l e  beyond t h i s  p o i n t .
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F ig .  5 -5 . Tw o-C ylinder System w i th  O p e ra t io n  A,A,B,A,A,B
The f low  t a b l e  i s  com prised  o f  rows and colum ns. The c o m b in a t io n s  
» _
of  a l l  i n p u t s  a r e  r e p r e s e n t e d  in  Gray code form and a r e  th e  h e a d in g s  
f o r  t h e  b a s i c  columns. The rows can be  c o n s id e r e d  as  r e p r e s e n t i n g  th e  
seco n d a ry  s t a t e s  o f  t h e  ne tw ork . The s t a t e  p o s i t i o n s  ( o p e r a t i o n a l  
e v e n ts )  b o th  s t a b l e  and u n s t a b l e  become e n t r i e s  i n  th e  t a b l e .  The 
o u tp u t  c o n d i t i o n s  c o r re s p o n d in g  to  each  s t a t e  e n t e r e d  in  t h e  t a b l e  a r e
l i s t e d  i n  a s p e c i a l  column on th e  r i g h t  i n  t h e  a p p r o p r i a t e  row. The
I
s t a b l e  s t a t e s  a r e  c i r c l e d  w i t^  o n ly  one s t a b l e  s t a t e  a s s ig n e d  to  a 
row. I t  w i l l  be  e v id e n t  t h a t  a change i n  an i n p u t  c o n d i t i o n  r e p r e ­
s e n te d  on th e  f low  t a b l e  r e s u l t s  in  a s t a t e  change in  a n o th e r  sec o n d a ry .  
I n  o t h e r  w o rd s ,  when an in p u t  change o c c u r s ,  t h e  n e tw o rk  moves f r o n  a 
s t a b l e  s t a t e  to  an u n s t a b l e  s t a t e  i n  t h e  same row and th en  t r a n s f e r s
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to  a s t a b l e  s t a t e  i n  a n o th e r  row.
To i n i t i a t e  th e  r e c o r d i n g  o f  th e  o p e r a t i o n a l  d e s c r i p t i o n  o f  th e  
c i r c u i t  a c t i o n ,  a s t a r t i n g  p o i n t  must be  s e l e c t e d .  I t  i s  c o n v e n ie n t  
f o r  t h e  c i t e d  example p rob lem  t o  assume t h a t  t h e  c y l i n d e r s  have  j u s t  
a r r i v e d  i n  th e  p o s i t i o n  shown i n  F ig .  5 - 5 . A t t h i s  p o i n t ,  th e  netw ork  
in p u t  i s  Xi “  0 and Xg ■> 0 ,  and th e  o u tp u t  o f  th e  ne tw ork  m ust be  
Z i  ■ 1 and Zg = 0 to  ex te n d  c y l i n d e r  A. A f t e r  c y l i n d e r  A e x te n d s ,  th e  
in p u t  changes  to  x^ *■ 1 and xg "  0 ; and th e  o u tp u t  changes  to  Z% * 0 
and Zg "  0 .  T h is  p r o c e s s  o f  r e a s o n in g  c o n t in u e s  u n t i l  t h e  f u l l  o p e ra ­
t i o n a l  s p e c i f i c a t i o n  h as  been  d e s c r ib e d  a s  shown in  T a b le  $ -1 .
TABLE 5 -1
PRIMITIVE FLOW TABLE FOR 2 -CYLINDER PROBLEM
Row
X i  X g  
0 0
I n p u t s  
0 1  1 1 l o
O u tp u ts  
Z i  Zg
1 © 2 1 0
2 3 © 0 0
3 ® h 0 1
k ® 5 1 1
5 6 © 0 1
6 1 © 0 0
Flow T a b le  R ed u c t io n  
The second  s te p  i n  a n e tw o rk  s y n th e s i s  problem  i s  t h e  r e d u c t io n  
o f  th e  p r i m i t i v e  f lo w  t a b l e .  Flow t a b l e  s i m p l i f i c a t i o n  i s  an im por­
t a n t  p h a s e  o f  ne tw ork  s y n t h e s i s  beca u se  t h e  d e s ig n  e v o lv e s  from t h i s  
t a b l e .  S in c e  th e  rows o f  a  f lo w  t a b l e  r e p r e s e n t  t h e  v a r io u s  i n t e r n a l
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s t a t e s  r e q u i r e d  w i th in  th e  c o n t r o l  n e tw o rk ,  i t  i s  w o r th w h ile  to  a p p ly  
m ethods t h a t  w i l l  m in im ize  t h e  number o f  row s. One method w hich sh o u ld  
be  a p p l i e d  i s  th e  check  f o r  re d u n d a n t  s t a t e s .  Such s t a t e s  a r e  d u p l i c a ­
t i o n s  and have t h e i r  e q u iv a le n c e  a l r e a d y  r e p r e s e n t e d  on th e  t a b l e .  
E s t a b l i s h i n g  th e  e q u iv a le n c e  o f  two s t a b l e  s t a t e s  r e s u l t s  in  th e  e l i m i ­
n a t i o n  o f  one row from  th e  f lo w  t a b l e .  T h re e  r e q u i re m e n ts  m ust be 
s a t i s f i e d  b e f o r e  an e q u iv a le n c e  e x i s t s  betw een two s t a b l e  s t a t e s :
1. They a r e  in  t h e  same column
2. They have  th e  same o u tp u t  s t a t e
3 . The s t a t e s  in  each  column o f  b o th  rows m ust be th e  same
o r  e q u i v a le n t
S in c e  th e  b la n k s  in  t h e  p r i m i t i v e  f low  t a b l e  r e p r e s e n t  u n s p e c i f i e d  
e n t r i e s  o r  o p t i o n a l  s t a t e s ,  i t  i s  p e r m i s s i b l e  to  u t i l i z e  t h e i r  o p t i o n ­
a l  b e h a v io r  to  e s t a b l i s h  an e q u iv a le n c e  whenever p o s s i b l e .  No r e d u n ­
d a n c ie s  a r e  e v id e n t  i n  th e  f lo w  t a b l e  f o r  t h e  tw o - c y l in d e r  c i r c u i t  
exam ple. T h is  can b e  r e c o g n iz e d  beca u se  two s t a b l e  s t a t e s  hav in g  th e  
same o u tp u t  c o n d i t i o n s  do n o t  e x i s t  in  t h e  same column.
A n o th e r  means f o r  a c h i e v in g  f low  t a b l e  s i m p l i f i c a t i o n  i s  te rm ed  
m erg ing . The m erging  p r o c e s s  does  n o t  r e d u c e  th e  number o f  s t a b l e  
s t a t e s  i n  t h e  t a b l e  b u t  e l i m i n a t e s  some o f  th e  rows. T h is  i s  accom­
p l i s h e d  by h av in g  more th a n  one s t a b l e  s t a t e  a s s ig n e d  to  a row as 
o r i g i n a l l y  e s t a b l i s h e d  by t h e  f lo w  t a b l e .  M erging th e  rows o f  a p r i m i ­
t i v e  f lo w  t a b l e  to  form  a merged f low  t a b l e  i s  n o t  d ependen t upon th e  
o u tp u t  s t a t e s .  The r u l e s  f o r  m erg ing  two rows o f  a  f lo w  t a b l e  a r e :
1. The s t a t e  numbers i n  b o th  rows w i th in  each  column must 
c o i n c i d e ,  o r
3*^
2 . Â s t a t e  number i n  one row c o i n c id e s  w i th  an o p t i o n a l  te rm
o r  b la n k  sp a c e  in  t h e  same column, o r
3 . O p t io n a l  te rm s (b la n k  s p a c e s )  a r e  c o n ta in e d  in  b o th  rows
w i t h i n  c o r re s p o n d in g  columns.
A pp ly ing  t h e  above r u l e s  f o r  m erging  th e  rows o f  a  p r i m i t i v e  f low  
t a b l e  to  t h e  p rob lem  exam ple, i t  can be  o b se rv ed  t h a t  row 1 c o u ld  merge 
w i th  any one o f  rows b-, 5> o r  6 . L ik e w is e ,  row 2 c o u ld  merge w i th  
rows 3 ,  4 ,  o r  5 ; row 3 w i th  row h ;  and row 5 w i th  row 6 . In  most 
i n s t a n c e s ,  t h e r e  a r e  s e v e r a l  ways t o  acco m p lish  a  m e rg e r ;  b u t  f o r  com­
po n en t .  and c i r c u i t  economy, an  optimum m erger i s  d e s i r a b l e .  I n  o r d e r  
to  a c h ie v e  such  a  m e rg e r ,  i t  i s  h e l p f u l  to  p r e p a r e  a  t a b l e  o f  p o s s i b l e  
m e rg e rs  and f i n a l l y  a  m erger d iag ram . A t a b l e  o f  p o s s i b l e  m erge rs  f o r  
th e  example p rob lem  i s  shown i n  T a b le  $ -2 .
TABLE 5 -2
TABLE OF POSSIBLE MERGERS FOR 2-CYLINDER; PROBLEM 
ROW________WITH_______^
1 If
1 5
1 6
2 3
2  If
2 5
3 h
5 6
U sing  th e  t a b l e  o f  p o s s i b l e  m e rg e r s ,  a d iag ram  can be  drawn w hich  
g r a p h i c a l l y  d i s p l a y s  t h e  m erg ing  c h a r a c t e r i s t i c s  o f  t h e  rows. The 
m erg e r  d iag ram  c o n s i s t s  o f  a  c i r c u l a r  a r r a y  o f  c i r c l e d  numbers — 
each  number r e p r e s e n t i n g  a  row o r  s t a b l e  s t a t e  number on th e  p r i m i t i v e  
f lo w  t a b l e .  F o r  each  p o s s i b l e  m erger betw een two ro w s ,  a c o n n e c t in g
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l i n e  i s  drawn on th e  d iag ram  betw een th e  a p p r o p r i a t e  numbers. A pp ly ing  
t h i s  p ro c e d u re  t o  t h e  example p rob lem  y i e l d s  a m e rg e r  d iag ram  as  shown 
i n  F ig .  5 -k .
F ig .  5 -4 .  M erger Diagram f o r  2 - C y l in d e r  Problem
The p r im a ry  p u rp o se  f o r  m erg ing  i s  to  a c h ie v e  an optimum c o n f ig u ­
r a t i o n  w hich g e n e r a l l y  can be  i n t e r p r e t e d  t o  mean a  minimum number o f  
rows in  th e  f i n a l  merged f low  t a b l e .  To o b ta in  t h i s  m inim al v a lu e ,  
r e q u i r e s  t h a t  t h e  m erger d iag ram  be  s tu d ie d  and m a n ip u la te d  t o  d e r iv e  
t h e  most a p p r o p r i a t e  co m b in a t io n s  o f  row m e rg e rs .  The m erger d iag ram  
a i d s  i n  th e  i d e n t i f i c a t i o n  o f  " c l u s t e r e d "  and in t e r c o n n e c t e d  p o i n t s .
A merged co m b in a tio n  i s  a d e q u a te  when each  number c o m p ris in g  th e  com­
b i n a t i o n  i s  l i n k e d  w i th  each and ev e ry  o t h e r  number i n  th e  c o m b in a t io n .  
I n  many i n s t a n c e s ,  t h e r e  a r e  more th a n  one c o m b in a t io n  which w ould  
y i e l d  a minimum row m e rg e r . '  When such  a s i t u a t i o n  e x i s t s  and i t  i s  
im p o r ta n t  to  a c h ie v e  th e  m ost econom ical c i r c u i t ,  a l l  minimum row com­
b i n a t i o n s  s h o u ld  be e x p lo re d .  The m ost optimum m erged g roups f o r  th e  
2 - c y l i n d e r  p rob lem  a r e  rows 1, 5 ,  and 6 and rows 2 ,  and 4 . U sing  
t h e s e  two g ro u p s ,  t h e  merged f low  t a b l e  f o r  t h e  exam ple p rob lem  i s  as 
i l l u s t r a t e d  in  T a b le  5 “3*
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TABLE 5 - 3
MERGED FLOW TABLE FOR 2-CYLINDER PROBLEM 
*1 *2
00 01 11 10
a ® © © 2
b @ © .5 ©
The o u tp u t  column o f  t h e  p r i m i t i v e  f low  t a b l e  does n o t  ap p e a r  In  
t h e  merged f low  t a b l e  b e c a u s e  t h e  o u tp u t s  a r e  a s s o c i a t e d  w i th  th e  
s t a b l e  s t a t e s  and n o t  w i th  t h e  rows. The s p e c i f i e d  o u tp u t s  h av e  n o t  
been  changed d u r in g  th e  m e rg e r ;  how ever, th e y  can  no lo n g e r  be  e x h ib ­
i t e d  on th e  f lo w  t a b l e .
I f  th e  p r i m i t i v e  f lo w  t a b l e  can b e  r e d u c e d  to  a  merged f lo w  t a b l e  
c o n t a in in g  o n ly  one row, t h e  d e s i r e d  o u tp u t  o f  th e  c i r c u i t  I s  a f u n c ­
t i o n  o f  o n ly  th e  In p u t  c o n d i t i o n s  and t h e r e f o r e  becomes a c o m b in a t io n a l  
ty p e  c i r c u i t .  When more th a n  one row e x i s t s  In  th e  merged f lo w  t a b l e .  
I t  I n d i c a t e s  t h a t  th e  d e s i r e d  o u tp u t s  a r e  a f u n c t i o n  o f  n o t  o n ly  th e  
I n p u t  c o n d i t io n s  b u t  a l s o  o f  t h e  sec o n d a ry  s t a t e s  o f  th e  c i r c u i t .  I n  
such  a s i t u a t i o n ,  th e  c i r c u i t r y  must p o s s e s s  memory e lem en ts  and be  o f  
th e  s e q u e n t i a l  lo g i c  ty p e .  Each row o f  th e  merged f low  t a b l e  must b e  
r e p r e s e n t e d  by a d i f f e r e n t  s eco n d a ry  s t a t e  In  t h e  same manner a s  th e  
columns o f  th e  f low  t a b l e  a r e  u n iq u e ly  s p e c i f i e d .  Two rows r e q u i r e  one 
seco n d a ry  s p e c i f i c a t i o n  (y, “  0  and y = 1) ;  w hereas  t h r e e  o r  f o u r  rows 
r e q u i r e  two s e c o n d a r i e s  ( y i  “  0 and 1 and yg = 0 and 1 ). I n  t h e  c a s e  
o f  an  odd number o f  rows g r e a t e r  th a n  o n e ,  a seco n d a ry  s t a t e  I s  p r o ­
v id e d  — one row c o n ta in in g  o n ly  b la n k  e n t r i e s .  I n  e s s e n c e ,  t h e
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e x i s t e n c e  o f  s eco n d a ry  rows i n  th e  m erged f lo w  t a b l e  means t h a t  th e  
c i r c u i t  l o g i c  i s  such t h a t  t h e  o u tp u t s  ca n n o t  be  d e s c r ib e d  by s im ply  
th e  i n p u t  f u n c t i o n s ,  and t h a t  an i n t e r n a l  c i r c u i t  i s  r e q u i r e d  to  gen­
e r a t e  "p seudo  in p u t s "  to  p e r fo rm  th e  memory a c t i o n .
The O p e r a t i o n a l  Flow T a b le  
P o s s e s s in g  th e  merged f lo w  t a b l e  and h av in g  e s t a b l i s h e d  th e  num- 
_ b e r_ o f_ s e c o n d a r ie s  r e q u i r e d ,  i t  i s  n e c e s s a r y  to  l a b e l  th e  rows a p p ro ­
p r i a t e l y  in  o r d e r  to  o b t a i n  th e  o p e r a t i o n a l  f low  t a b l e .  T h is  p r o c e s s  
i s  te rm ed  "making seco n d a ry  a s s ig n m e n ts ."  No se c o n d a ry  a ss ig n m e n t 
p rob lem  e x i s t s  w i th  a two row merged f lo w  t a b l e  b e c a u se  o n ly  one 
s eco n d a ry  i s  r e q u i r e d  w hich  means t h a t  one row i s  l a b e l e d  0  and t h e  
o t h e r  1. T h is  i s  th e  s i t u a t i o n  w i th  t h e  2 - c y l i n d e r  example under  con­
s i d e r a t i o n ;  t h e r e f o r e ,  t h e  c o r re s p o n d in g  f lo w  t a b l e  w i th  seco n d ary  
a s s ig n m e n ts  i s  as  shown i n  T ab le  $ -4 .  I n  a c c o rd a n c e  w i th  t h e  i n f e r e n c e s  
o f  T a b le  $ - 4 ,  th e  l o g i c  a c t i o n  o f  th e  2 - c y l i n d e r  p rob lem  can b e  accom­
p l i s h e d  w i th  one b in a ry - s e c o n d a ry  c i r c u i t .
TABLE 5 - 4
OPERATIONAL FLOW TABLE FOR 2 -CYLINDER PROBLEM 
X i  X g
y 00 01 11 10
0 © © © 2
1 © 5 ©
Merged f lo w  t a b l e s  h a y in g  t h r e e  o r  more rows g e n e r a l l y  p r e s e n t  a 
p rob lem  in  l a b e l i n g  tt}c row s. The p rob lem  stem s f r o m - th e  need  to  o b ta in
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t h e  " n e x t  s t a t e "  by a  u n a ry  a c t i o n  o f  th e  seco n d a ry .  I n  o t h e r  w ords, 
a  n e c e s s a r y  t r a n s i t i o n  from  one row to  a n o th e r  sh o u ld  be acco m p lish ed  
by  a  s i n g l e  change  In  th e  s e c o n d a ry .  S in c e  th e  o r d e r  o r  a r ran g em en t  o f  
t h e  rows I s  a r b i t r a r y  In  t h e  merged flow  t a b l e ,  any r e s h u f f l i n g  o f  row 
p o s i t i o n s  I s  p e r m i s s i b l e  t o  acc o m p lish  p ro p e r  c i r c u i t  a c t i o n .  The 
t r a n s i t i o n  p rob lem  can  be I l l u s t r a t e d  by th e  u s e  o f  th e  h y p o t h e t i c a l  
merged f low  t a b l e  shown In  T a b le  5"5-
TABLE 5-5
MERGED FLOW TABLE FOR A HYPOTHETICAL ACTION 
*2
00 01 11 10
a : ® 2 © 6
b ; © 8 © k
C ' 7 © 5 ©
d 1 5
By th e  I n s p e c t i o n  o f  T a b le  5 - 3 ,  I t  can be seen  t h a t  a  number o f  
t r a n s i t i o n s  e x i s t  between n o n - a d ja c e n t  row s; f o r  exam ple . In  t h e  t r a n ­
s i t i o n  from u n s t a b l e  s t a t e  2 to  s t a b l e  s t a t e  2 ,  row "b"  m ust b e  "jumped" 
and s i m i l a r l y  f o r  s t a t e  6 . Such a " ju n ç "  would n e c e s s i t a t e  t h e  I n t e r ­
n a l  s t a t e  o f  two s e c o n d a r i e s  t o  change s im u l ta n e o u s ly .  An a c t i o n  which 
I s  d ependen t upon th e  s im u l ta n e o u s  r e s p o n s e  o f  two c i r c u i t s  I s  u n p re ­
d i c t a b l e  and s h o u ld  n o t  b e  c o n s id e r e d .  To a v o id  t h i s  t r a n s i t i o n  
p rob lem , t h e  rows o f  th e  f lo w  t a b l e  sh o u ld  be a r r a n g e d  so t h a t  " jum ping" 
I s  u n n e c e s s a ry .  The p r o p e r  a r ran g em en t  can be d i s c o v e r e d  w i th  th e  a id
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o f  a t r a n s i t i o n  map. Such a map c o n s i s t s  o f  columns and rows d e s c r i b ­
in g  th e  r e q u i r e d  co m b in a t io n s  o f  s eco n d a ry  s t a t e s  t o g e t h e r  w i th  map 
e n t r i e s  r e p r e s e n t i n g  th e  row numbers o r  l e t t e r s .  The I n i t i a t i o n  o f  
row e n t r i e s  I n t o  t h e  t r a n s i t i o n  map I s  made by a r b i t r a r i l y  a s s ig n in g  
row " a "  to  t h e  " a l l - z e r o "  p o s i t i o n .  Subsequen t row d e s i g n a t i o n s  a r e  
e n t e r e d  In  t h e  map to  acco m p lish  p ro p e r  a d j a c e n t  r e l a t i o n s  — no 
d ia g o n a l  t r a n s i t i o n s  on th e  map. The t r a n s i t i o n  map f o r  t h e  merged 
f lo w  t a b l e  shown In  T a b le  5 “5 I s  e x h i b i t e d  in  F ig .  5 r ‘’«
I
I
I
a c
d b
F ig .  5 - 5 . T r a n s i t i o n  Map f o r  H y p o th e t i c a l  P roblem
Em ploying th e  t r a n s i t i o n - m a p  shown in  F ig .  5~5 to  a r r a n g e  and 
l a b e l  t h e  rows o f  t h e  f low  t a b l e  In  T a b le  5 “5> y i e l d s  a p r o p e r l y  
a s s ig n e d  s e c o n d a ry .  The o p e r a t i o n a l  f lo w  t a b l e  f o r  th e  h y p o t h e t i c a l  
p rob lem  w i th  I n d i c a t e d  seco n d a ry  a s s ig n m e n ts  I s  shown In  T a b le  5 - 6 . 
T h i s  f low  t a b l e  s a t i s f i e s  a l l  a d ja c e n c y  r e q u i r e m e n ts  w hich means t h a t  
a l l  ro w - to - ro w  e x c u r s io n s  f o r  a  g iv e n  s t a t e  can  be  a c h ie v e d  by  th e  
change  o f  o n ly  one s e c o n d a ry  v a r i a b l e .  I t  s h o u ld  be  p o in t e d  o u t  t h a t  
t h e  top  and bo tto m  rows a r e ,  by  t h e  d e f i n i t i o n  above ,  a d j a c e n t  row s.
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X i %2
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00 01 11 10
00 © 2 ® 6
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The Secondary  Network
The o p e r a t i o n a l  f lo w  t a b l e  c o n t a i n i n g  sec o n d a ry  s t a t e s  w i th  
a s s ig n e d  v a l u e s  becomes t h e  b a s i s  f o r  o b t a in in g  t h e  l o g i c  c i r c u i t  equa­
t i o n s .  Two ty p e s  o f  c i r c u i t s  a r e  in v o lv e d  in  a s e q u e n t i a l  sy stem  — 
s eco n d a ry  c i r c u i t s  and o u tp u t  c i r c u i t s .  I n  o r d e r  t o  d e r i v e  th e  equa­
t i o n s  f o r  th e  se c o n d a ry  c i r c u i t ,  an e x c i t a t i o n  map m ust be  o b ta in e d .  
T h is  map i s  e q u i v a l e n t  to  t h e  o p e r a t i o n a l  f low  t a b l e  e x c e p t  t h a t  th e  
map e n t r i e s  a r e  th e  d e s i r e d  s e c o n d a ry  s t a t e s  f o r  t h e  a p p r o p r i a t e  map 
l o c a t i o n s .  The e n t r i e s  f o r  th e  e x c i t a t i o n  map a r e  d e s ig n a t e d  as  
f o l lo w s :
1. The e n t r y  f o r  a  s t a b l e  s t a t e  p o s i t i o n  i n d i c a t e d  on th e  o p e r a ­
t i o n a l  f low  t a b l e  i s  t h e  same a s  th e  e x i s t i n g  seco n d a ry  s t a t e  
( o p e r a t i o n a l  e v e n t ) .
2 . The e n t r y  f o r  a  g iv e n  u n s t a b l e  s t a t e  i s  t h e  same as t h e  n e x t  
d e s i r e d  s e c o n d a ry  s t a t e .
A pp ly ing  th e  above p ro c e d u re  f o r  making map e n t r i e s  to  form th e  
e x c i t a t i o n  map r e s u l t s  i n  a  c o m p le te ly  s p e c i f i e d  b in a r y  v a lu e d  map.
The e x c i t a t i o n  map shown i n  F ig .  5 - 6 ,  f o r  th e  2 - c y l i n d e r  p rob lem
kl
exam ple v as  o b ta in e d  from  T a b le  $ - 4 ,  and th e  e x c i t a t i o n  map f o r  th e  
h y p o t h e t i c a l  p rob lem , e x h i b i t e d  in  F ig .  5 ”7 ;  was d e r iv e d  from T a b le  
5 - 6 .
t
% 01 11 1 0
0 0 0 1
1 I i 1
F ig .  5 -6 .  E x c i t a t i o n  Map fo r .  2 -C y l in d e r  Problem
. . . .  0 1  I I 1 0
00 
01 
11 
10
00 10 0 0 10
00 01 0 0 01
1 1 01 11 01
1 1 10 1 1 10
F ig .  5 - 7 . E x c i t a t i o n  Map f o r  H y p o th e t ic a l  P roblem
The e x c i t a t i o n  map r e p r e s e n t s  t h e  secondary  s t a t e s  w hich must 
e x i s t  t o  s a t i s f y  th e  seq u en ce  s p e c i f i c a t i o n  o f  a c i r c u i t ;  t h e r e f o r e ,  
t h e  Boolean e x p re s s io n s  deduced  from th e  map a r e  th e  c i r c u i t  e q u a t io n s  
o f  t h e  sec o n d a ry  e x c i t a t i o n  netw ork . U sing  th e  Karnaugh Map te c h n iq u e  
f o r  o b t a in in g  th e  B oolean  e q u a t io n s  ( s e e  Appendix B ) ,  t h e  e q u a t io n  o f  
th e  seco n d a ry  c i r c u i t  f o r  th e  2 - c y l i n d e r  problem  i s
Y = y x i  = X1X2 5 -1
1+2
The i n t e r p r e t a t i o n  o f  t h i s  c i r c u i t  e q u a t io n  i n  te rm s o f  f l u i d  compo­
n e n t s  i s  r e s e r v e d  f o r  t h e  n e x t  c h a p t e r .
E x c i t a t i o n  maps c o n t a in in g  more th an  one e n t r y  i n  a map l o c a t i o n  
a r e  d i f f i c u l t  t o  re a d .  To overcome t h i s  d i f f i c u l t y ,  i n d i v i d u a l  e x c i ­
t a t i o n  maps f o r  each se c o n d a ry  can be drawn to  s i m p l i f y  t h e  map r e a d ­
in g .  The I n d i v i d u a l  e x c i t a t i o n  maps f o r  t h e  h y p o t h e t i c a l  p rob lem  a r e  
shown in  F ig .  5 - 8 .
00
00 01 II 10 : f#_ 01 11 10
0 1 0 1 8Î& 0 0 0 0
01 0 0 0 0 01 0 1 0 1
i'l 1 0 1 0 11 1 1 1 1
10 1 . 1 i_ 1 10 1 0 1 0
Y Y:
F ig .  5 - 8 . I n d i v i d u a l  E x c i t a t i o n  Haps f o r  H y p o th e t i c a l  P rob lem
T here  a r e  many d i f f e r e n t  e q u a t io n s  w hich can  r e p r e s e n t  t h e  e n t r y  
p a t t e r n s  o f  a  Karnaugh Map. I n  c i r c u i t  s y n t h e s i s ,  each  m inim al equa­
t i o n  s a t i s f y i n g  th e  map s h o u ld  be  c o n s id e re d .  The in d i v i d u a l  e x c i t a ­
t i o n  maps f o r  t h e  h y p o t h e t i c a l  p rob lem  em phasize  t h e  v a r io u s  com bina­
t i o n s  w hich c o u ld  be w r i t t e n  t o  r e p r e s e n t  t h e  e n t r i e s  o f  th e  map. A 
s p e c i f i c  e q u a t io n  s a t i s f y i n g  t h e  Y i e x c i t a t i o n  map i n  F ig .  5 -8  i s
Y i » YiXiXg +  y gx ixg  +  y ix ix g  +  ygXiXg
An e x p r e s s io n  f o r  th e  Yg e x c i t a t i o n  c i r c u i t  i s
Yg » YiXiXg +  yzXiXg +  y ix ix g  +  ygXiXg
5 -2
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The B oolean  e q u a t io n s  f o r  th e  o u tp u t  c i r c u i t s  a r e  d e r iv e d  In  a 
s i m i l a r  manner as  th e  seco n d ary  c i r c u i t  e q u a t io n s .  The o p e r a t i o n a l  
f lo w  t a b l e  I s  a g a in  u t i l i z e d ,  b u t  th e  map e n t r i e s  a r e  th e  d e s i r e d  o u t ­
p u t  s t a t e s  I n s t e a d  o f  t h e  d e s i r e d  seco n d a ry  s t a t e s .  S in c e  th e  d e s i r e d  
o u tp u t  s t a t e s  o f  a  c i r c u i t  a r e  r e c o rd e d  In  th e  p r i m i t i v e  f low  t a b l e  
f o r  each  s t a b l e  and u n s t a b l e  s t a t e  d e s ig n a t e d ,  t h i s  t a b l e  I s  employed 
f o r  making t h e  e n t r i e s  In  t h e  o u tp u t  map. As In  t h e  o p e r a t i o n a l  f low  
t a b l e ,  t h e  columns o f  th e  o u tp u t  map a r e  th e  I n p u t  s t a t e s  and th e  rows 
a r e  th e  seco n d a ry  s t a t e s .  The r u l e s  f o r  making e n t r i e s  In  th e  o u tp u t  
map a r e  as  fo l lo w s :
1. E n te r  t h e  o u tp u t  s t a t e  a s s o c i a t e d  w ith  each  s t a b l e  s t a t e  shown 
on t h e  p r i m i t i v e  f lo w  t a b l e  In  t h e  l o c a t i o n  o f  th e  c o r r e s ­
pond ing  s t a b l e  s t a t e  on th e  o p e r a t i o n a l  f lo w  t a b l e .
2 .  Between two s t a b l e  s t a t e s  h av in g  t h e  same o u tp u t  s t a t e s ,  a l l  
u n s t a b l e  s t a t e s  In v o lv e d  In  t h e  t r a n s i t i o n  m ust be  a s s ig n e d  
th e  same c o r re s p o n d in g  o u tp u t  s t a t e .
3 . The o u tp u t  s t a t e  c o r re s p o n d in g  to  an u n s t a b l e  s t a t e  I s  o p ­
t i o n a l  when th e  o u tp u t  s t a t e  I s  changed betw een two s t a b l e  
s t a t e s .  A dash  I s  e n t e r e d  In  t h e  map l o c a t i o n  to  r e p r e s e n t  
t h e  o p t i o n a l  o u tp u t  s t a t e .
The co m ple ted  o u tp u t  map d e s c r ib e s  th e  c o n d i t i o n s  under w h ich  th e  
p r e s c r i b e d  o u tp u t s  w i l l  o c c u r .  A pp ly ing  th e  r u l e s  g iv e n  above to  f o r ­
m u la te  th e  o u tp u t  map f o r  th e  2 - c y l l n d e r  p rob lem  r e s u l t s  ‘In  a map as  
shown In  F ig .  5 ”9* A lthough  th e  o u tp u t  Boolean c i r c u i t  e q u a t io n s  can 
be  deduced d i r e c t l y  from  th e  com posi te  o u tp u t  map. I n d iv i d u a l  o u tp u t  
maps f o r  t h e  two o u tp u t s  (Z^ and Zg) s i m p l i f y  th e  map r e a d in g .  The 
I n d i v i d u a l  o u tp u t  maps f o r  t h e  2 - c y l l n d e r  problem  a r e  shown In  F i g . .  
5’rlO.. : The o u tp u t  map f o r  th e  h y p o t h e t i c a l  p roblem  c a n n o t  be  fo rm u la te d
b e c a u se  th e  o u tp u t  s t a t e s  a r e  unknown — th e  p r i m i t i v e  f low  t a b l e  was 
n o t  p r e s e n te d .
X,%2
LLr 0 0 0  1 1 1 1 0
% 1 0 0 0 0  1 - 0
1 0  1 1 1 - 1 0 0
F ig .  5 “9* Com posite  O u tp u t  Map f o r  2 - C y l in d e r  P rob lem
u 0 1 1 1 10 lA % 0 1 11 10s
0 1 0 0 — i 0 0 1 0
1 0 1 — 0 1 1 1 1 0
F ig .  5 -1 0 .  I n d i v i d u a l  O u tpu t Maps f o r  2 - C y l in d e r  Prob lem
I n  a c o m b in a t io n a l  l o g i c  c i r c u i t ,  t h e  o u tp u t  e q u a t io n s  a r e  fu n c ­
t i o n s  o f  o n ly  t h e  i n p u t  s t a t e s ;  w hereas  f o r  s e q u e n t i a l  l o g i c  c i r c u i t s ,  
th e  o u tp u t  e q u a t io n s  a r e  alw ays f u n c t i o n s  o f  th e  s e c o n d a ry  s t a t e s  and
g e n e r a l l y  c e r t a i n  e x i s t i n g  i n p u t  s t a t e s .  The Boolean e q u a t io n s  f o r
th e  o u tp u t  c i r c u i t s  o f  t h e  2 - c y l i n d e r  p ro b lem  o b ta in e d  from th e  i n d i ­
v i d u a l  o u tp u t  maps a r e  a s  fo l lo w s :
Z i  = ÿ %2 +  y %2 5 -4
Z2  = X3.X2 +  y x i  5 -5
The c o n t r i b u t i o n  o f  t h e  sec o n d a ry  c i r c u i t  o u tp u t  i s  an i n t e g r a l  p a r t
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o f  th e  o u tp u t  e q u a t io n s .  N e g le c t in g  t h e  h a rd w are  a s p e c t s  o f  t h e  sy s tem , 
th e  l o g i c  r e q u i re m e n ts  o f  t h e  2 - c y l i n d e r  c o n t r o l  c i r c u i t  have  been 
s a t i s f i e d  by th e  t h r e e  c i r c u i t  e q u a t io n s  ( $ - 1 ,  $ - 4 ,  and $ - $ ) .  T hese  
e q u a t io n s  r e q u i r e  f u r t h e r  s tu d y  b e f o r e  th e y  a r e  re a d y  f o r  h a rdw are  i n ­
t e r p r e t a t i o n  as  w i l l  be p o in t e d  o u t  i n  th e  rem a in in g  p a r t  o f  t h i s  chap­
t e r .
L o g ic a l  C o m p lic a t io n s  
T h ere  a r e  some in h e r e n t  p i t f a l l s  i n  th e  s y n t h e s i s  te c h n iq u e  t h a t  
must b e  r e c o g n iz e d  and av o id ed  when th e y  r e s t r i c t  o r  o th e rw is e  J e o p a r ­
d iz e  t h e  s u c c e s s f u l  o p e r a t i o n  o f  th e  c i r c u i t .  An e x p e r ie n c e d  d e s ig n e r  
hav in g  a  com prehensive  u n d e r s ta n d in g  o f  m ach ine c y c l e  p rob lem s and th e  
n o n - id e a l  c h a r a c t e r i s t i c s  o f  c i r c u i t  conqionents would be  c o g n iz a n t  o f  
th e  " p r a c t i c a l "  l i m i t a t i o n s  o f  p u re  l o g i c  i n t e r p r e t a t i o n s .  I t  i s  im por­
t a n t ,  how ever, to  b e  a b le  t o  r e c o g n i z e  th e  a p p l i c a t i o n  p rob lem s o f  t h e  
lo g i c  method as  th e y  ap p ea r  i n  t h e  s y n t h e s i s  p ro c e d u re  and i n  a  form  
n o t  r e q u i r i n g  a v a s t  amount o f  e x p e r ie n c e  to  c o r r e c t .  The f i v e  b a s i c  
c h a r a c t e r i s t i c s  to  b e  d i s c u s s e d  sh o u ld  be  r e c o g n iz e d  in  th e  l o g i c  d e ­
s ig n  o f  c i r c u i t s .  These  c h a r a c t e r i s t i c s  a r e  c a l l e d  1) lo c k u p s ,  2 )  o s ­
c i l l a t i o n s ,  3 )  c y c l e s ,  h) r a c e s ,  and 5) h a z a rd s .
Lockups
A lockup can be  r e c o g n iz e d  on th e  f lo w  t a b l e  by a  row w hich has  
n o t  been  p ro v id e d  w i th  an a c c e s s i b l e  u n s t a b l e  s t a t e .  I t  r e s u l t s  i n  a 
s i t u a t i o n  w here some s t a t e  c a n n o t  be  o b t a in e d  more th a n  once w i th o u t  
a com ple te  i n t e r r u p t i o n  o f  th e  power. The s o l u t i o n  f o r  such  a  p rob lem  
i s  th e  p ro p e r  r e a r ra n g e m e n t  o f  t h e  s t a t e  e n t r i e s  to  i n s u r e  an u n s t a b l e
k6
s t a t e  e sc a p e  r o u t e  from th e  lo c k ed -u p  row o r  row s. The problem  w i l l  
n e v e r  o c c u r  i n  a p r o p e r l y  d ev e lo p ed  p r i m i t i v e  f lo w  t a b l e .  Two s i m p l i ­
f i e d  f lo w  t a b l e s  a r e  p r e s e n te d  in  F ig .  $ -1 1  to  i l l u s t r a t e  a s i n g l e  row 
lockup and a  m u l t i - r o w  lockup .
2
o 4
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3
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F ig .  5 -1 1 .  Examples o f  S in g le  and M ulti-Row  Lockup C o n d i t io n s
O s c i l l a t i o n s
An o s c i l l a t i o n  i n  a c i r c u i t  s tem s from an i n p u t  w hich  makes an 
u n s t a b l e  s t a t e  se e k  a n o n - e x i s t e n t  s t a b l e  s t a t e .  Such a  c o n d i t io n  
i n i t i a t e s  a  ro w - to - ro w  e x c u r s io n  w hich  c a n n o t  b e  s to p p e d  e x c e p t  by 
a n o th e r  i n p u t  change . I n p u t  changes  e f f e c t  column s h i f t s  w h i le  un­
s t a b l e  s t a t e s  p r o v id e  th e  mechanism to  c a u s e  row e x c u r s io n s .  An o s ­
c i l l a t i o n  can  b e  d e t e c t e d  on a  f low  t a b l e  by l o c a t i n g  an  a c c e s s i b l e  
column c o n s i s t i n g  o f  o n ly  u n s t a b l e  s t a t e s .  O s c i l l a t i o n s ,  as  w i th  l o c k ­
u p s ,  r e s u l t  from im p ro p e r ly  c o n s t r u c t e d  p r i m i t i v e  f lo w  t a b l e s .  An 
example o f  a f low  t a b l e  y i e l d i n g  an o s c i l l a t i o n  i s  g iv e n  in  F ig .  5 -1 2 .
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F ig .  5 -1 2 .  A C i r c u i t  O s c i l l a t i o n  Example
C ycles
A c y c le  r e f e r s  to  a c y c l i c  seco n d a ry  a c t i o n  such  a s  d e s c r ib e d  
f o r  an o s c i l l a t i o n .  An o s c i l l a t i o n  i s  a  c o n t in u o u s  ty p e  c y c l e  w hich 
u s u a l l y  has  a  p a r a s i t i c  n a t u r e ,  b u t  i t  c o u ld  have  some p r a c t i c a l  v a l u e  
i n  t h e  p ro d u c t io n  o f  o u tp u t  p u l s e s  o r  s i g n a l s .  A s e l f - t e r m i n a t i n g  
c y c l e  i s  one i n  w hich an u n s t a b l e  s t a t e  i n i t i a t e s  an e x c u r s io n  p a s t  
more th a n  one row b u t  t e rm in a t e s  a t  a s t a b l e  s t a t e .  A c y c l e  o f  t h i s  
ty p e  i s  o f t e n  in t r o d u c e d  i n t e n t i o n a l l y  t o  p ro d u ce  t im e  d e la y s  f o r  o b ­
t a i n i n g  a p r e s c r i b e d  c i r c u i t  a c t i o n .
An u n s t a b l e  s t a t e  i s  one in  w hich t h e  e n t ry  i n  t h e  e x c i t a t i o n  map 
does  n o t  a g re e  i n  v a l u e  w i th  t h e  d e s ig n a t e d  row v a l u e .  The u n s t a b l e  
s t a t e  i s  o rd e r e d  to  r e a c t  by th e  a p p r o p r i a t e  in p u t  c o m b in a t io n ,  and i t  
s e e k s  t o  s a t i s f y  i t s  s t a t e  v a l u e ;  h e n c e ,  i t  w i l l  move to  th e  row whose 
l a b e l e d  v a lu e  a g re e s  w i th  th e  u n s t a b l e  s t a t e  v a lu e .  A s e l f - t e r m i n a t i n g  
c y c l e  i s  a s u c c e s s io n  o f  seco n d a ry  s t a t e  d e s ig n a t io n s  t h a t  g e n e r a t e s  
a  c y c l i c  a c t i o n .  Such a c y c l e  can be  i l l u s t r a t e d  as  shown in  F ig .  $ -12  
u s in g  a  s i m p l i f i e d  f lo w  t a b l e  and e x c i t a t i o n  map. The c y c l e  shown in
k8
F ig .  $ -1 3  i s  a  good example o f  an i n t e n t i o n a l  t im e  d e la y  i n c l u s i o n  in  
a c i r c u i t .
0
0 0 0  1
0 1 1 1
1 1 1 0
1 1 0 0 0 1 0
F ig .  5 - 1 ) .  A S e l f - T e r m in a t in g  C ycle  Example
Races
The d i s t i n g u i s h i n g  f e a t u r e  o f  a r a c e  i s  a s e c o n d a ry  t r a n s i t i o n  
w hich  r e q u i r e s  th e  s im u l ta n e o u s  change o f  two o r  more seco n d a ry  s t a t e s .  
T h ere  a r e  e s s e n t i a l l y  two ty p e s  o f  r a c e s  — th e  c r i t i c a l  ty p e  and t h e  
n o n - c r i t i c a l  ty p e .  A c r i t i c a l  ty p e  r a c e  can t e r m in a t e  i n  any o f  two 
o r  more d i f f e r e n t  s t a b l e  s t a t e s ;  h e n c e ,  a s i t u a t i o n  e x i s t s  w here an 
u n d e s i r e d  o p e r a t i o n  may r e s u l t .  I t  i s  im p o r ta n t  to  be  a b l e  to  r e c o g ­
n i z e  and  a v o id  c r i t i c a l  r a c e  c o n d i t io n s  d u r in g  th e  s y n t h e s i s  p ro c e s s  
b e c a u se  th e  outcome i s  n o t  p r e d i c t a b l e .  A r a c e  c o n d i t i o n  e x i s t s  when­
ev e r  t h e  v a l u e  o f  a  map e n t r y  r e p r e s e n t i n g  an u n s t a b l e  s t a t e  d i s a g r e e s  
w i th  t h e  v a l u e  o f  th e  row by more than  one b in a ry  d i g i t .  A c r i t i c a l  
r a c e  e x i s t s  when th e  r e s u l t s  o f  th e  r a c e  betw een th e  two o r  more second ­
a r y  v a r i a b l e s  c a n n o t  be  p r e d i c t e d .  The c h a r a c t e r i s t i c s  o f  a c r i t i c a l  
r a c e  a r e  d e m o n s t ra te d  in  F ig .  ) - l 4 .  The o p e r a t io n  d e p i c t e d  i n  th e  
i l l u s t r a t i o n  i n d i c a t e s  t h a t  a f t e r  th e  i n p u t  (x )  changes  from 0 to  1 ,
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s t a b l e  s t a t e  I I  i s  d e s i r e d ;  how ever,  b o th  s e c o n d a r i e s  must change 
s im u l ta n e o u s ly  t o  acc o m p lish  t h e  p ro p e r  s h i f t .
y,yt
00
0 1  
I I 
I 0
%
I
0 0 1 1
0  1 10
0  1 1 i
0 0 10
F ig .  5 - I h .  A C r i t i c a l  R ace C o n d i t io n
The c r i t i c a l  r a c e  p rob lem  can always be  s o lv e d  by t h e  p r o p e r  
a p p l i c a t i o n  o f  t h e  t r a n s i t i o n  map d u r in g  th e  s y n t h e s i s  p r o c e s s .  I n  
c e r t a i n  c a s e s ,  e x t r a  se c o n d a ry  s t a t e s  m ust b e  added to  a v o id  t r a n s i ­
t i o n s  w hich would r e s u l t  i n  c r i t i c a l  r a c e s .  However, in  many c a s e s  
a c y c l e  can  be  e s t a b l i s h e d  t h a t  w i l l  t e r m i n a t e  th e  seco n d a ry  e x c u r s io n  
on th e  d e s i r e d  row o r  on a row w here  t h e  row v a l u e  d i f f e r s  from  th e  
d e s i r e d  row v a l u e  by o n ly  one b i n a r y  d i g i t .  An example o f  t h e  u s e  o f  
a c y c l e  to  a v o id  a c r i t i c a l  r a c e  i s  g iv e n  in  F ig .  $ -1 $ .  S e v e r a l  s i t u ­
a t i o n s  a r e  e x h i b i t e d  in  t h e  i l l u s t r a t i o n  f o r  p r e v e n t in g  a c r i t i c a l  
r a c e .  Two u s e f u l  c y c l e s  w ere  i n s e r t e d  s t a r t i n g  a t  row I I  to  o b t a i n  
row 00 in  columns 00 and lO. A t h i r d  c y c l e  was in t r o d u c e d  betw een 
rows 01 and 10 in  column I I .  T hese  c y c l e s  d i r e c t e d  th e  se c o n d a ry  to  
th e  d e s i r e d  p o s i t i o n  when a two v a r i a b l e  change  in  th e  se c o n d a ry  was 
r e q u i r e d .
A n o n - c r i t i c a l  r a c e  i s  a p r e d i c t a b l e  e v e n t .  No m a t t e r  w h ich  v a r i ­
a b l e  w ins th e  r a c e ,  t h e  outcome i s  th e  same. A n o n - c r i t i c a l  r a c e
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u , u , % » 0 1 1 1 1 0
00 00 0 1 00 00
01 00 0 1 1 1 00
1 1 0 1 1 1 10 0 1
10 1 0 1 1 10 1 0
F ig .  5-15" C r i t i c a l  Races  E l im in a te d  w i th  C yc les
c o n d i t i o n  i s  e s t a b l i s h e d  when th e  u n s t a b l e  c o u n t e r p a r t  o f  t h e  d e s i r e d  
s t a t e  o r  an e q u i v a l e n t  s u b s t i t u t e  i s r e n t e r e d  in  th e  map l o c a t i o n s  where 
t h e  r a c e  c o u ld  f in i s h . - .  A n o n - c r i t i c a l  r a c e  i s  i n d i c a t e d  in  F ig .  $ -1 6  
i n  column 00: betw een row 11 and 00. The w ip n e r  o f  t h e  01 and lO r a c e  
w i l l  s t i l l  y i e l d  th e  d e s i r e d  r e s u l t .  N o n - c r i t i c a l  r a c e s  a r e  n o t  d e t r i ­
m e n ta l  t o  t h e  o p e r a t io n  o f  t h e  c i r c u i t  b e c a u se  th e y  have a p r e d i c t a b l e  
d e s t i n a t i o n ,  and th e y  te n d  to  s h o r te n  t h e  t r a n s i t i o n  tim e  o f  th e  
s e c o n d a r i e s .
UlU.
0 1 1 1 1 0
0 0 0 0 0 1 1 0 0 0
0 1 0 0 01 1 0 —
I 1 0 0 1 1 1 0
1 0 0 0 1 1 1 0 —
F ig .  5 -1 6 .  a  K o n - C r i t i c a l  Race 
The d i s c u s s i o n  o f  r a c e s  so f a r  haa been r e s t r i c t e d  t o  th o s e
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a f f e c t i n g  ro w - to - ro w  o r  s eco n d a ry  o p e r a t i o n .  A second  c l a s s  o f  r a c e s  
c o u ld  be c o n s id e r e d  f o r  t h e  In p u t  c h a r a c t e r i s t i c s  In  c e r t a i n  p rob lem s. 
Such r a c e s  may deve lop  when s im u l ta n e o u s  o p e r a t i o n s  a r e  d e s i r e d  which 
c o u ld  y i e l d  a  two v a r i a b l e  In p u t  change . An exam ple o f  a column r a c e  
would be when th e  I n i t i a l  I n p u ts  a r e  00 and th e  n e x t  I n p u t  c o n d i t io n  
I s  t h e o r e t i c a l l y  11. I n  t h i s  c a s e ,  u n s t a b l e  s t a t e s  e x i s t i n g  In  columns 
01 o r  10 c o u ld  I n i t i a t e  a ro w - to - ro w  e x c u r s io n  b e f o r e  th e  second  I n ­
p u t  s i g n a l  I s  r e g i s t e r e d , . -  and a c o n c e iv a b le  s t a t e  o f  c i r c u i t  c o n fu s io n  
c o u ld  r e s u l t .  Column r a c e s  can be  av o id ed  th ro u g h  p ro p e r  r e c o g n i t i o n  
a h d t re a r r a h g e m e n t  o f  th e  f lo w  t a b l e  l o g i c .  The p r o p e r  I n t e r p r e t a t i o n  
o f  t h e  b a s i c  c i r c u i t  s p e c i f i c a t i o n s  can  u s u a l l y  r e s o l v e  th e  problem s 
a s s o c i a t e d  w i th  column r a c e s .
H azards
S t a t i c  h a z a rd s  In  c i r c u i t s  a r e  somewhat s i m i l a r  to  r a c e s  b eca u se  
th e y  a r i s e  due to  th e  im p e r f e c t  t im in g  t h a t  accom panies n o n - i d e a l  com­
p o n e n ts .  However, h a z a rd s  r e f e r  to  t h e  o p e r a t i o n a l  problem s encounf ' 
t e r e d  In  p a r a l l e l  c i r c u i t s .  C o n s id e r  th e  c i r c u i t  r e p r e s e n t e d  by th e  
B oolean  e q u a t io n
Y = x^xg +  x^y 5 “6
The e q u a t io n  Im p l ie s  t h a t  I f  xg and y a r e  b o th  a c t u a t e d  ( e q u a l  to  l ) ,  
th e n  th e  c i r c u i t  sh o u ld  t r a n s m i t  r e g a r d l e s s  o f  t h e  s t a t e  o f  th e  v a lv e  
X i. But s i n c e  v a lv e  x^ i s  n o t  a p e r f e c t  s w i tc h in g  e le m e n t ,  d u r in g  th e  
p e r io d  o f  t im e  t h a t  x^ s h i f t s  o r  changes  I t s  s t a t e .  I t  would b e  p o s s i ­
b l e  f o r  t h e  c i r c u i t  to  l o s e  t r a n s m s s l o n  m o m en ta r i ly .  Any u np lanned  
I n t e r r u p t i o n  o f  c i r c u i t  t r a n s m is s i o n  c o n s t i t u t e s  a  p o t e n t i a l  h a z a rd
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w hich c o u ld  a f f e c t  t h e  e n t i r e  in t e n d e d  lo g i c  o f  th e  system .
The e x c i t a t i o n  map r e p r e s e n t e d  by Eq. 5 “6 i s  shown in  F ig .  $ -1 ? .  
Each p a r a l l e l  b ranch  o f  t h e  c i r c u i t  i s  i d e n t i f i e d  on th e  map, in  
acc o rd a n c e  w i th  Appendix B, a s  a subcube . The two subcubes t h a t  con­
s t i t u t e  th e  g iv e n  c i r c u i t  a r e  b o th  f u n c t i o n s  o f  t h e  same v a r i a b l e  
(xx  and x i ) .  T h is  c o n d i t i o n  i s  one o f  th e  d e s c r ib i n g  f e a t u r e s  o f  a 
p o t e n t i a l  h a z a rd .  The t r a n s m is s i o n  o f  a c i r c u i t  m ust always be  in d e ­
p en d en t  o f  th e  v a r i a b l e  u n d e rg o in g  a  change.
11 » 0  1 1 1 1 0
a
0 0
D
0 0
1 0 w )
F ig .  5 “ l7* E x c i t a t i o n  Map I l l u s t r a t i n g  P o t e n t i a l  H azard .
To e l i m i n a t e  a p o t e n t i a l  s t a t i c  h a z a rd ,  t h e  c i r c u i t  e q u a t io n  must 
p o s s e s s  te rm s t h a t  make th e  t r a n s m is s i o n  in d e p e n d e n t  o f  a chang ing  
v a r i a b l e .  A lthough  Eq. $-6  a c c u r a t e l y  d e s c r ib e s  th e  l o g i c  c o n d i t i o n s  
im p l ie d  by th e  map in  F ig .  $ - 1 ? ,  an a l t e r n a t e  r o u t e  ( p a r a l l e l  p a th )  
m ust b e  p ro v id e d  to  m a in ta in  t r a n s m is s i o n  d u r in g  th e  p e r io d  when th e  
dependen t v a r i a b l e  c h an g e s .  T h is  r o u t e  o r  p a th  i s  te rm ed th e  "h a z a rd '  
su b c u b e /"  and i t  c o n n e c ts  th e  subcubes  r e q u i r e d  by th e  l o g i c  c o n d i t i o n s  
o f  th e  problem . The h a z a rd  subcube w hich e l im i n a t e s  t h e  h a z a rd  in  
F ig .  5~17 i s  shown dashed  in  F ig .  $ -1 8  and m o d i f ie s  t h e  c i r c u i t  equa­
t i o n  as  f o l lo w s :
Y = XxXg +  x i y  +  xgy 5 -7
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F ig .  5 -1 8 .  H azard  Subcube f o r  E l im in a t in g  P o t e n t i a l  H azards
Em ploying th e  c o n c e p t  o f  h a z a r d  subcubes t o  e l i m i n a t e  p o t e n t i a l  
h a z a rd s  in  th e  e x c i t a t i o n  maps f o r  th e  h y p o t h e t i c a l  p rob lem  shown in  
F ig .  5 - 8  r e s u l t s  in  a subcube f o r  Yj. o f  th e  e n t i r e  ( lO ) row and f o r  
Yg o f  th e  e n t i r e  (11) row. The subcubes  f o r  t h i s  p rob lem  a r e  shown 
i n  F ig .  5 “ 19- The e x c i t a t i o n  e q u a t io n s  p r e v io u s l y  d e r iv e d  must b e  
m o d if ie d  to  in c lu d e  t h e  h a z a rd  subcube  te rm s as  f o l lo w s :
Yi = Y ix ixg  +  ygxixg  +  y i x i x g  +  ÿgXiXg +  y iÿg  
Yg ■ YiXiXz +  Yaxixg +  YiXiXg +  y^x^xg +  y^yg
5 -8
5-9
y,yz
00
00 ,0 ^ 11 1 0 f »
0 w 0 w
0 1 0 0 0 0.
1 1 0 0
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F ig .  5-19" H azard  Subcubes f o r  H y p o th e t i c a l  P rob lem
5»^
The e x c i t a t i o n  map f o r  th e  2 - c y l i n d e r  p rob lem  (F ig .  $ -6 )  c o n t a in s  
a p o t e n t i a l  h a z a rd  w hich  can  be e l im i n a t e d  by  th e  subcube yxg which i s  
shown in  F ig .  $ -2 0 .  A dding th e  h a z a rd  subcube te rm  to  Eq. $ - 1 ,  g iv e s  
as  t h e  f i n a l  se c o n d a ry  c i r c u i t  e q u a t io n ,  t h e  fo l lo w in g :
Y -  y x i  +  X1X2 +y%2 5.-10
F ig .  5 - 20 . H azard  Subcube f o r  2 - C y l in d e r  P rob lem
The o u tp u t  maps f o r  th e  2 - c y l i n d e r  p rob lem  shown in  F ig .  $ -10  
a l s o  i n d i c a t e  p o t e n t i a l  h a z a rd s .  The h a z a rd  f o r  Zg can  be  e l im in a te d  
by add ing  th e  subcube te rm  yxg to  Eq. 5 "5 g iv in g  an o p e r a t i o n a l  o u t ­
p u t  e q u a t io n  i n  th e  form
Zg » XiXg + yxi + yxg 5 -11
The p o t e n t i a l  h a z a r d  in  th e  2% o u tp u t  map c a n n o t  b e  e l im in a te d  
by a subcube  b e c a u se  o f  t h e  p e c u l i a r  a l t e r n a t i n g  c h a r a c t e r i s t i c  o f  t h e  
map e n t r i e s .  I f  a h a z a rd  a c t u a l l y  e x i s t s  in  t h e  Z^ o u tp u t  c i r c u i t ,  a 
d i f f e r e n t  f l o W t a b l e  m erger com bina tion  i s  r e q u i r e d  and a  new s e t  o f  
e q u a t io n s  d e r iv e d .  S in c e  th e  m erger s e l e c t e d  was th e  m ost optimum, a 
d i f f e r e n t  co m b in a t io n  w i l l  n e c e s s i t a t e  th e  u s e  o f  a s e c o n d  secondary  
c i r c u i t .  B e fo re  such  " d r a s t i c "  a c t i o n  i s  i n i t i a t e d ,  th e  c i r c u i t  o p e ra ­
t i o n  s h o u ld  b e  s tu d i e d  to  d e te rm in e  w h e th e r  a  change in  t h e  v a r i a b l e
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i s  e x p e c te d  d u r in g  t h e - c y c l e  w hich would r e s u l t  In  a h a z a rd .
A n a ly z in g  Eq. $ -4  shows t h a t  a  h a z a rd  would b e  e n c o u n te re d  In  th e
Zj. o u tp u t  c i r c u i t  I f ,  d u r in g  th e  o p e r a t i o n a l  s e q u e n c e .  I t  I s  n e c e s s a ry
to  t r a n s f e r  f ro m .a  c o n d i t i o n  y Xg d i r e c t l y  to  a  c o n d i t io n  yxg. U sing
T a b le  $ - 4 ,  an o p e r a t i o n a l  t a b l e  can be  w r i t t e n  f o r  th e  two v a r i a b l e s  
In  q u e s t i o n  to  d e te rm in e  t h e i r  l o g i c  b e h a v io r  In  th e  system  as  shown 
In  T a b le  5 “7* T a b le  5 “7 I n d i c a t e s  t h a t  t h e  sy s tem  does n o t  r e q u i r e  
y Xg to  change  Im m ed ia te ly  to  yx^ ; t h e r e f o r e ,  no h a z a rd  c o u ld  r e s u l t  
In  u s in g  th e  c i r c u i t .  The o u tp u t  e q u a t io n  f o r  I s  a c c e p ta b l e  In  th e  
form  shown In  Eq. $ - 4  w hich e l im i n a t e s  t h e  n e e d  f o r  r e d e s ig n i n g  th e  
system .
TABLE 5 -7
OFE^TIONAL TABLE FOR 2-CYLINDER PROBLl
O p e ra t io n X2 y
1 s 0 0
2 u 0 0
2  s 0 1
3 s 0 1
4 s 1 1
5 u 1 1
5 s 1 0
6 s 1 0
The m ethods and p ro c e d u re s  d i s c u s s e d  In  t h i s  c h a p te r  a r e  com ple te  
enough to  s e r v e  as  a  b a s i s  f o r  th e  s y n th e s i s  o f  b o th  c o m b in a t io n a l  and 
s e q u e n t i a l  ty p e  f l u i d  c i r c u i t r y .  A lthough  t h e  example I l l u s t r a t i o n s  
employed to  d e m o n s t ra te  th e  s y n t h e s i s  p r o c e s s  w ere  s im p le ,  t h e  Impor­
t a n t  a s p e c t s  o f  th e  s u b j e c t  w ere  em phasized . One o f  t h e  p u rp o s e s  o f  
t h i s  c h a p t e r  was to  p r o v id e  some I n s i g h t  I n t o  t h e  o r d e r l y  method o f
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s y n t h e s i z i n g  f l u i d  s e q u e n t i a l  c i r c u i t s  by l o g i c  means. The im plem enta­
t i o n  o f  t h i s  method o f  f l u i d  s w i tc h in g  c i r c u i t  d e s ig n  i n t o  g e n e r a l  
p r a c t i c e  can o f f e r  a u s e f u l  and p o w e rfu l  t o o l  f o r  th e  f l u i d  power 
e n g in e e r .
_ CHAPTER VI 
FLUID LOGIC INTERPRETATION
The i n t e r p r e t a t i o n  o f  l o g i c  e x p r e s s io n s  in  te rm s o f  f l u i d  s w i tc h ­
in g  h a rd w are  p r e s e n t s  a  complex p rob lem  to  th e  e n g in e e r .  The o b scu re  
s o l u t i o n  t o  th e  p rob lem  has  u n d o u b te d ly  c o n t r i b u t e d  to  t h e  g e n e r a l  
. a c c e p ta n c e  t h a t  i n t u i t i v e  methods o f  c i r c u i t  s y n t h e s i s  a r e  m andatory . 
Based on th e  e x t e n s i v e  l i t e r a t u r e  s u rv e y  co n d u c ted  as  p a r t  o f  t h i s  
s tu d y ,  no r i g o r o u s  i n t e r p r e t i v e  method f o r  f l u i d  l o g i c  n e tw o rk s  e x i s t s .  
The b a s i c  c h a r a c t e r i s t i c s  o f  f l u i d  components and th e  p h y s i c a l  b e h a v io r  
o f  f l u i d  power system s a r e  s u f f i c i e n t l y  d i f f e r e n t  from t h e i r  e l e c t r i c a l  
c o u n t e r p a r t s  t h a t  a s im p le  s o l u t i o n  to  t h e  i n t e r p r e t a t i o n  p rob lem  i s  
in g )o s s ib le .  However, a  method w i l l  b e  p r e s e n te d  in  t h i s  c h a p t e r  w hich 
y i e l d s  an  o r d e r l y  a p p ro ac h  to  th e  e s ta b l i s h m e n t  o f  a p p r o p r i a t e  h a r d ­
w are  f o r  a  f l u i d  c i r c u i t .  A b y -p ro d u c t  o f  th e  method i s  a  com posi te  
o p e r a t i o n a l  c h a r t  t h a t  p ro v id e s  a co m p le te  i n s i g h t  i n t o  th e  l o g i c  im­
p l i c a t i o n s  o f  t h e  c i r c u i t .
I n  o r d e r  t o  a p p r e c i a t e  t h e  i n t e r p r e t a t i o n  p rob lem  in v o lv e d  in  
d e v e lo p in g  an o p e r a t i o n a l  f l u i d  s w i tc h in g  ne tw ork  from  a B oolean  l o g i c  
e q u a t io n ,  an  u n d e r s ta n d in g  m ust be g a in e d  o f  th e  demands imposed by such  
sy s tem s . I n  e l e c t r i c a l  c o n t a c t  c i r c u i t s ,  an uncomplemented l i t e r a l  
means t h a t  th e  c o n t a c t  t r a n s m i t s  when e n e rg iz e d  w h i le  a complemented
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l i t e r a l  means t h a t  t h e  c o n t a c t  t r a n s m i t s  u n t i l  i t  i s  e n e rg iz e d .  T h is  
c o n c e p t ,  a l th o u g h  q u i t e  s u i t a b l e  f o r  e l e c t r i c a l  a p p l i c a t i o n s ,  i s  n o t  
r e a l i s t i c  f o r  f l u i d  c o n t r o l  sy s tem s . I n  o r d e r  to  a p p ly  a  b in a ry  lo g i c  
system  to  f l u i d  n e tw o rk s ,  t h e  l o g i c  e lem en t m ust m a in ta in  f l u i d  t r a n s ­
m is s io n  i n  b o th  th e  e n e r g i z e d  and n o n -e n e rg iz e d  s t a t e s .  The above 
s t a t e m e n t  means t h a t  an uncom plemented l i t e r a l  f o r  a f l u i d  system  i s  
t r a n s m i t t i n g  to  t a n k  b e f o r e  e n e r g i z a t i o n  and t r a n s m i t t i n g  p r e s s u r e  
a f t e r w a r d s .  L ik e w is e ,  an e lem en t r e p r e s e n t e d  by a  complemented l i t e r a l  
i s  t r a n s m i t t i n g  p r e s s u r e  b e f o r e  a c t u a t i o n  and to  ta n k  a f t e r w a r d s .
The f l u i d  t r a n s m is s i o n  c o n c e p t  m ust be  ad h ere d  to  th ro u g h o u t  th e  
l o g i c  s y n t h e s i s  and i n t e r p r e t i v e  p r o c e s s .  The im p o r tan ce  o f  m a in ta in ­
in g  f l u i d  t r a n s m is s i o n  can be  i l l u s t r a t e d  i n  F ig .  6 -1  ( a ) . .  The d e s i r e d  
o u tp u t  ( Z ) ,  d e s c r ib e d  by t h e  e q u a t io n  Z = X3X2X3 ,  i s  acco m p lish ed  f o r  
th e  f i r s t  a c t u a t i o n  o f  th e  AND C i r c u i t .  However, no p r o v i s io n  has been  
made t o  t a n k  th e  f l u i d  i n  t h e  lo c k e d  l i n e  betw een th e  two v a l v e s  which 
r e s u l t s  i n  Z b e in g  a f u n c t i o n  o f  o n ly  X3 . The b in a r y  v a lv e s  u sed  in  
F ig .  6 -1  ( a )  do n o t  s a t i s f y  t h e  t r a n s m is s io n  c r i t e r i a ;  b e c a u se  in  t h e  
complemented c o n d i t i o n ,  t r a n s m is s i o n  i s  b lo c k e d  w i th  no t a n k  t r a n s m is ­
s io n .  The t r a n s m is s i o n  c o n c e p t  f o r  f l u i d  l o g i c  c i r c u i t s  r e q u i r e s  a 
c o n f i g u r a t i o n  such  a s  shown i n  F ig .  6 -1  (b )  to  acco m p lish  t h e  n e c e s s a ry  
AND c i r c u i t  a c t i o n .
The l o g i c  e x p re s s e d  by  a  g iv e n  B oolean  e q u a t io n  can  u s u a l l y  be ' 
s a t i s f i e d  by a  number o f  component and c i r c u i t  c o n f i g u r a t i o n s .  The 
e x a c t  c l a s s  o r  ty p e  o f  f l u i d  v a lv e  o r  v a l v e s  to  be u sed  in  a  g iven  c i r ­
c u i t  s h o u ld  r e f l e c t  t h e  g e n e r a l  p h i lo s o p h y  o f  th e  i n d i v i d u a l  d e s ig n e r  
o r  company. I n  t h i s  r e s p e c t ,  t h e  com ponents d i s c u s s e d  and  employed in
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F ig .  6 -1 .  I l l u s t r a t i o n  o f  F l u i d  T ra n s m is s io n  C oncep ts
t h i s  s tu d y  h av e  been s e l e c t e d  f o r  t h e  p u rp o se  o f  d e m o n s t r a t in g  p r i n c i ­
p l e s  and n o t  f o r  a d v o c a t in g  any p a r t i c u l a r  h a rd w are  c o n f i g u r a t i o n s .
I n  o rd e r  t o  u s e  a  g iven  ty p e  v a l v e  i n  a f l u i d  l o g i c  c i r c u i t ,  t h e  l o g i c  
c h a r a c t e r i s t i c s  o f  t h e  v a l v e  m ust be  r e c o g n iz e d  in  a form  c o m p a t ib le  
w i th  th e  c i r c u i t  e q u a t io n .  An a p p r o p r i a t e  group  o f  v a l v e s  a r e  p r e ­
s e n te d  to  d e m o n s t ra te  th e  i n t e r p r e t i v e  p ro c e s s  o f  c i r c u i t  s y n t h e s i s  
and to  e x h i b i t  examples o f  d e s c r i b i n g  c h a r a c t e r i s t i c s  o f  v a l v e s .
Fluid Logic Elements 
The AND and OR logic functions are fundamental in circuit equations 
and need appropriate interpretation in fluid systems. Three types of 
fluid AND circuits are shown in Fig. 6 -2  with different degrees of 
simplicity. In general, the sinçlest circuit configuration has the 
greatest operational limitation and is demonstrated by the circuits in 
Fig. 6 -2 .  Circuit (a) can only b e  used as an AND circuit if the tanking
6o
o f  s i g n a l  y th ro u g h  x  does n o t  o c c u r  when s i g n a l  y i s  needed  e l se w h e re  
i n  t h e  c i r c u i t .  S im i la r ly ^  c i r c u i t  (b )  can b e  u sed  o n ly  when th e  t a n k ­
in g  t r a n s m is s i o n  f o r  xy  i s  c o o r d in a te d  w ith  t h e  ta n k in g  o f  x . C i r c u i t
( c )  r e q u i r e s  a h ig h e r  v a lu e d  s w i tc h in g  e lem en t th an  c i r c u i t s  ( a )  o r  
( b ) ,  b u t  i t  i s  a  p e r f e c t  AND l o g i c  e lem en t .  C o n s id e r in g  th e  economic 
f a c t o r ,  c i r c u i t  ( a )  s h o u ld  be  u s e d  whenever p o s s i b l e  w h i le  c i r c u i t  ( c )  
i s  t h e  l a s t  r e s o r t .  I t  sh o u ld  b e  r e a l i z e d  t h a t  th e  a c t u a l  s e l e c t i o n  
o f  th e  ty p e  AND c i r c u i t  to  be  u s e d  in  th e  c i r c u i t  m ust fo l lo w  a tho rough  
a n a l y s i s  o f  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  th e  system .
A
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( a )  chedc ty p e  (b) p i l o t  check  ty p e  ( c )  3 -way ty p e  
F ig .  6-2* F l u i d  AND C i r c u i t s
The OR f u n c t io n  p r e s e n t s  a  d i f f i c u l t  p rob lem  in  f l u i d  c i r c u i t  
i n t e r p r e t a t i o n .  A lthough  under  s p e c i a l  c o n d i t i o n s  v a r i o u s  v a l v e  con­
f i g u r a t i o n s  can b e  employed to  s a t i s f y  an OR c i r c u i t  r e q u i r e m e n t ,  
s im p le  c o n f i g u r a t i o n s  a r e  n o t  g e n e r a l l y  f e a s i b l e .  However, a  p e r f e c t  
OR f u n c t i o n  f o r  a  f l u i d  c i r c u i t  e x i s t s  i n  th e  form  shown in  F ig .  6 - 3 .
A c o m b in a t io n a l  AND-OR c i r c u i t  w orthy  o f  c o n s i d e r a t i o n  i s  shown 
in  F ig .  6 - k .  T h is  c i r c u i t  p l a c e s  c e r t a i n  r e s t r i c t i o n s  on th e  sy s tem
3 "
X y
( a )  tw o - s ig n a l  ty p e
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(b )  t h r e e - s i g n a l  ty p e
F ig .  6 -5 . F l u i d  OR C i r c u i t s
F ig .  6 -4 .  A C o m b in a tio n a l  AND-OR C i r c u i t
b u t  o f f e r s  enough s i m p l i c i t y  t h a t  i t s  p o s s i b l e  u s e  should , alw ays be  
i n v e s t i g a t e d .
F l u i d  F l i p  F lo p s
A memory e lem en t such  as a f l i p  f l o p  g iv e s  a  c i r c u i t  t h e  power to  
remember d e c i s i o n s  even though th e  in fo rm a t io n  on which t h e s e  w ere 
b a se d  i s  no lo n g e r  a v a i l a b l e .  A f l i p  f lo p  i s  a d e v ic e  w hich w i l l  
assume one o f  two p o s s i b l e  o u tp u t  s t a t e s  when a c t u a t e d  by an a p p r o p r i a t e  
s i g n a l .  Once th e  o u tp u t  s t a t e  i s  e s t a b l i s h e d ,  t h e  f l i p  f l o p  rem a ins
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f i x e d  u n t i l  a  second i n p u t  i s  a p p l i e d  to  p ro d u ce  th e  second  o u tp u t  s t a t e .  
Numerous v a lv e  c o n f i g u r a t i o n s  a r e  p o s s i b l e  t o  acc o m p lish  a f l i p  f l o p  
a c t i o n  in  f l u i d  c i r c u i t s .  Some ty p e s  a r e  c l a s s i c a l  exam ples o f  p e r f e c t  
f l i p  f l o p  c h a r a c t e r i s t i c s  w h i le  o t h e r s  r e q u i r e  i n t e r p r e t a t i o n .
C o n s id e r  th e  p i l o t - o p e r a t e d ,  s p r in g  o f f s e t ,  fo u r-w ay  v a lv e  as  a 
f l i p  f l o p  e lem en t — s e e  F ig .  6 - 5 . The o u tp u t  i n  ( a )  i s  d e s c r ib e d
by t h e  r e l a t i o n  “  x^  w h i le  th e  o u tp u t  Zg i s  Zg ■ x%. T h e re fo re ,
t h e  c l a s s i c a l  com plem en ta tion  a s  p r e s e n te d  i n  Appendix A, o f  one o u tp u t  
g iv e s  t h e  second o u tp u t  o r  Z^ "  Zg. Even in  th e  f u l l  f l i p  f lo p  fo rm .
F ig .  6-5  ( h ) ,  t h e  c l a s s i c a l  complement g iv e s  th e  ta n k in g  t r a n s m is s io n  
e q u a t io n  a s  f o l lo w s :
Z i  ■ Z i  X +  y 6-1
ZjL » ( Z i  +  x ) ÿ  6-2
Zg « Zgÿ +  xy = (Zg +  x ) y  6-3
L e t t i n g  Z^ "  Z g , i n  Eq. 6 - 2 ,  g iv e s  Eq. 6-3  w hich  d e m o n s t ra te s  th e  
c l a s s i c a l  b e h a v io r  o f  t h i s  ty p e  v a l v e .
■X,
E ^ - r - C >
I
*4
X
(a) valve bnly (b )  flip flop
Fig. 6 - 5 . Spring Offset Type Memory Element
S i g n i f i c a n t  d e v i a t i o n s  from c l a s s i c a l  v a l v e  b e h a v io r  e x i s t  i n . 
many fo rm s ,  and t h e  r e c o g n i t i o n  o f  th e s e  d i f f e r e n c e s  i s  v e ry  im p o r ta n t  
in  u t i l i z i n g  t h e i r  c h a r a c t e r i s t i c s .  A s im p le  example o f  t h e  f a i l u r e  
o f  c l a s s i c a l  com plem en ta t ion  can be  d e m o n s t ra te d  by r e f e r r i n g  to  th e  
p i l o t - o p e r a t e d ,  fou r-w ay  v a l v e  shown in  F ig .  6 - 6 . The o u tp u t  e q u a t io n s  
and t h e i r  r e s p e c t i v e  conq>lements a r e
-  xj^xg 6 - k
"  Xi +  Xg 6-5
Zg ■ xgXi 6-6
Za -  Ja + x i
I f  t h e  c l a s s i c a l  complement w ere  v a l i d ,  th e n  Z i  = Zg arid Z2  ® Z3.. The 
s i g n i f i c a n c e  o f  t h i s  com plem enting c h a r a c t e r i s t i c s  i s  t h a t  Eq. 6 -$ does 
n o t  d e s c r i b e  how t h e  o u tp u t  Z^ can t r a n s m i t  to  ta n k  — t h i s  i s  d e s c r ib e d  
by th e  Zg o u tp u t  e q u a t io n .  T hus ,  t h e  c l a s s i c a l  complement o f  a f u n c t i o n  
i s  n o t  n e c e s s a r i l y  t h e  o p e r a t i o n a l  ox ta n k in g  f u n c t i o n .  An a p p r o p r i a t e  
s o l u t i o n  to  t h e  p rob lem  can b e  o b ta in e d  by d e f in i n g  a  te rm  c a l l e d  t h e  
" f l u i d  com plem en t." The f l u i d  complement o f  a f u n c t i o n  i s  always th e  
ta n k in g  f u n c t i o n  w i th o u t  r e g a r d  to  t h e  c l a s s i c a l  complement. T h is  con­
c e p t  h a s  im plem ented t h e  g e n e r a l  i n t e r p r e t a t i o n  t e c h n iq u e  and h as  no 
a p p a r e n t  l i m i t a t i o n s .
The u s e f u ln e s s  d f  t h e  f l u i d  complement co n c e p t  can  b e  a p p r e c i a t e d  
when c o n s i d e r a t i o n  i s  g iv e n  to  th e  p e r f e c t  f l u i d  f l i p  f l o p  — a p i l o t -  
o p e r a t e d ,  d e t e n t  h e l d ,  fo u r-w a y  v a l v e — i l l u s t r a t e d  in  F ig .  6 - 7 . The
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F ig .  6-*7* The P e r f e c t  F l u i d  F l i p  F lop
o u tp u t  e q u a t io n s  a r e
Z i  » +  Z1X2
Zg •  XgXjL ZgXi
6-8
6 -9
The f l u i d  complement o f  t h e  o u tp u t  Z^ i s  e q u a l  to  th e  o u tp u t  e q u a t io n  
f o r  Z g ; how ever, th e  c l a s s i c a l  complement o f  Z^ i s
Z i  « (Xj. +  X2 ) ( Z i  +  Xg)
o r ,  by  T - l l ( b ) 6-10
E q u a t io n  6 - I 0 r e p r e s e n t s  an i n c o r r e c t  d e s c r i p t i o n  o f  th e  ta n k in g  t r a n s ­
m is s io n  f o r  Z i .  The com plem enting  c h a r a c t e r i s t i c s  o f  a v a l v e  can be 
checked  e a s i l y  and sh o u ld  be  done b e f o r e  i t  i s  employed i n  a  c i r c u i t .
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No detrimental effects have been exhibited by the use of the fluid 
complement, and its continued use is recommended.
A detent equation, such as Eq. 6-8, can be readily recognized be­
cause the value of the equation under certain conditions is dependent 
upon the most recent value of the equation. In other- words, a detent 
equation is, in part, a function of itself; for example, in Eq. 6-8^  
the equation value, Z^ , appears as a variable in the equation and modi­
fies an AND term. The AND term such as xg in Eq. 6-8, modified by 
the equation value is referred to as the detent part of the equation. 
The interpretation of a detent equation in terms of fluid hardware can
be rigorously expressed by applying the unmodified part of the equation 
to one side of a detent valve and applying the classical complement of 
the detent part of the equation to the opposite side. This concept can 
be demonstrated by considering a detent equation having the following 
form:
Wa = xa. wa yg +  w i(x a  +  wa +  y s  +  V s )  6-11
The classical complement of the detent part of Eq. 6 -1 1  is xaWaygys. 
Using a detent valve, Eq. 6 -1 1  is completely satisfied by the applica­
tion of signals as shown in Fig. 6-8. Since the detent element dis- . 
plays the flip flop memory characteristic, its appearance is common in 
secondary circuit equations.
A final illustration shown in Fig. 6 - 9  will suffice to demonstrate 
valve interpretation and fluid complementation. The pilot check valve 
has an outputs equation of the form
Z .“  x^xg 6 -1 2
w,
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Fig. 6 - 9 . Pilot Check Valve
Classically complementing this equation gives an erroneous tanking 
transmission function of
Z ■ Xji +  X2
The fluid complement is the true tanking function and is
Z ■« x i
6-15
6 - l 4
The Composite Operational Chart 
The interpretation of the logic specifications described by the 
synthesis equations in terms of a fluid circuit requires a complete 
knowledge of the operational behavior of the system. An insight into
t
the sequential characteristics of the circuit can be obtained by list­
ing the order in which each part of the circuit equations contributes 
toward accomplishing the over-all system logic. Such an orderly record
6?
o f  t h e  sy s tem  o p e r a t i o n  i s  te rm ed  th e  co m p o s i te  o p e r a t i o n a l  c h a r t .
The c o m p o s i te  o p e r a t i o n a l  c h a r t  c o n s i s t s  o f  a p p r o p r i a t e  columns 
f o r  t h e  v a r io u s  I n p u t ,  s e c o n d a ry ,  and o u tp u t  s t a t e s  a s  w e l l  a s  columns 
f o r  r e c o r d i n g  th e  c o n t r i b u t i o n s  o f  t h e  s eco n d a ry  and o u tp u t  e q u a t io n s .  
The rows o f  t h e  c h a r t  d e s c r i b e  t h e  s e q u e n t i a l  b e h a v io r  o f  t h e  ne tw ork  
w i th  a  row b e in g  a s s ig n e d  f o r  each  I n p u t - s e c o n d a r y - o u t p u t  co m b in a tio n .  
An exanq)le o f  a co m p o s i te  o p e r a t i o n a l  c h a r t  I s  shown In  T a b le  6 -1  
w h ich  r e p r e s e n t s  th e  o p e r a t i o n  o f  t h e  tw o - c y l in d e r  p rob lem  deve loped  
In  C h a p te r  V. T h is  c h a r t  was formed from  I n fo rm a t io n  o b ta in e d  from 
T a b le  5 - 1 ,  F ig .  5 - 6 ,  F ig .  5 - 9 ,  Eq. 5 - 1 0 ,  Eq. 5 - 4 ,  and Eq. 5 -1 1 .
TABLE 6 -1
COMPOSITE OPERATIONAL CHART FOR 2 -CYLINDER PROBLEM
O p e ra t io n I n p u t s Secondary O u tp u ts E q u a t io n  C o n t r ib u t io n s
X1X2 Y • Z 1Z2 Y Z i Z2 .
1 A 0 0 0 1 0 ÿ *2
2 A 1 0 1 0 0 X1X2 Z i= y
5 B 0  0 1 0 1 yxi+yx2 y x i
4 A 0 1 1 1 1 y%i yx2 yxi+yx2
5 A 1 1 0 0 1 Ÿ «xi Z i=y X1X2
6 B 0 1 0 0 0 Z2-X1
The e x c i t a t i o n  e q u a t io n  f o r  t h e  tw o - c y l in d e r  p ro b lem  can b e  w r i t ­
t e n  In  t h e  form
Y. -  X1X2 +  y ( x i  +  Xa) 6 - I 5
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P e rfo rm in g  th e  c l a s s i c a l  complement on t h e  d e t e n t  p a r t  o f  th e  eq u a­
t i o n  r e s u l t s  i n  a s i g n a l  a p p l i c a t i o n  as  shown in  F ig .  6 -1 0 .  Â second  
v a lv e  i s  needed  to  t r a n s f o r m  t h e  b a s i c  i n p u t  s i g n a l s  i n t o  a p p r o p r i a t e  
co m b in a t io n s  req u ire d "  i n  F ig .  6 -1 0 .  The f i n a l  s eco n d a ry  c i r c u i t  i s  
shown i n  F ig .  6 -11 .
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F ig .  6 -1 0 .  T w o-C ylinder Secondary  V alve
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F ig .  6 -11 .  T w o-C ylinder Secondary  C i r c u i t
The f i r s t  o u tp u t  e q u a t io n  f o r  th e  tw o - c y l in d e r  p rob lem  i s  g iv e n  
by th e  e q u a t io n
Z i  » ÿ X2 +  yx2 5 -4
The o u tp u t  e q u a t io n  d e s c r i b e s  a c i r c u i t  i n  w hich two s i g n a l s  m ust be 
e i t h e r  ta n k e d  o r  e n e rg iz e d  to  g iv e  a t r a n s m is s i o n .  One a p p r o p r i a t e  
i n t e r p r e t a t i o n  o f  th e  o u tp u t  e q u a t io n  r e q u i r e s  two v a l v e s  in  s e r i e s  as
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F ig .  6 -1 2 . F i r s t  O u tpu t C i r c u i t  f o r  2 -C y lin d e r  P roblem
Shown in  F ig . 6 -1 2 .
The second o u tp u t  e q u a tio n  f o r  th e  tw o -c y lin d e r  p rob lem  i s  g iv e n  
by t^ e  e q u a tio n
Zg = X1X2 +  y x i  +  yxg 5 -1 1
W ith o u t em ploying a  co m p o site  o p e r a t io n a l  c h a r t ,  th e  i n t e r p r e t a t i o n  o f  
t h i s  e q u a t io n  in  te rm s o f  f l u i d  h ard w are  w ould be a  m a jo r problem . A 
c i r c u i t  w hich w i l l  a lw ays p ro v id e  th e  a p p r o p r ia te  p r e s s u r e  and ta n k in g  
t r a n s m is s io n  can be  d ev e lo p ed  w ith  th e  a id  o f  T a b le  6 -1 .  U sing  p u re  
b in a ry  v a lv e s ,  th e  p r e s s u r e  t r a n s m is s io n  can  be  acco m p lish ed  by th e  
c i r c u i t  shown in  F ig .  6 - I 5 l e s s  th e  check  v a lv e .  By r e f e r r i n g  to  th e  
co m p o s ite  o p e r a t io n a l  c h a r t ,  th e  ta n k in g  o f  Zg m ust n o t  b e  i n i t i a t e d  
u n t i l  th e  Xi s ig n a l  i s  d e - e n e rg iz e d ;  t h e r e f o r e ,  th e  ta n k in g  o f  Zg 
th ro u g h  Xg m ust b e  p re v e n te d  by th e  u s e  o f  a check  v a lv e  as  in d i c a te d  
in  F ig . 6 - I 3 .
Two v a lv e s  in  a  c i r c u i t  h a v in g  th e  same o u tp u t and in p u t  s ig n a l s  
can  u s u a l ly  be com bined. T h is  i s  th e  c a s e  o f  th e  x^  v a lv e s  in  F ig . 
6 - I 3 . The f i n a l  c i r c u i t  d e s c r ib in g  th e  second  o u tp u t  e q u a tio n  f o r  th e
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F ig . 6 - 15. Second O u tp u t C i r c u i t  (B in a ry )  f o r  2 -C y lin d e r  P roblem
tw o -c y l in d e r  p rob lem  i s  shown in  F ig .  6 - lk .
The c o n t r o l  ne tw ork  f o r  th e  tw o -c y lin d e r  p rob lem  can  now b e  syn ­
th e s iz e d  by com bining F ig s .  6 -1 1 , 6 -1 2 ,  and 6 -1 4 . The f i n a l  netw ork  
shown in  F ig .  6 -1$  w i l l  a c c e p t  t h e - s i g n a l s  g e n e ra te d  in  th e  power c i r ­
c u i t  o f  F ig .  3 - 3 - and p ro d u ce  o u tp u t s ig n a l s  to  c o n t r o l  th e  s e q u e n t i a l  
o rd e r  f o r  th e  two c y l in d e r s  as  o r i g i n a l l y  s p e c i f i e d .  The s ig n a l s  X j 
and Xg shown in  F ig . 5 “5 w ere n o t  n eeded  in  th e  f i n a l  c o n t r o l  ne tw ork  
to  s im p l i f y  th e  c i r c u i t ;  t h e r e f o r e ,  th e s e  v a lv e  p o r ts  c o u ld  b e  p lugged  
o r  a  th re e -w a y  v a lv e  s u b s t i t u t e d .
 X
F ig .  6 -1 4 . Second O u tp u t C i r c u i t ,  f o r  2 -C y lin d e r  P rob lem
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F ig . 6 - 15. F lu id  C o n tro l N etw ork f o r  2 -C y lin d e r  P rob lem
The i n t e r p r e t a t i o n  o f  lo g ic  e x p re s s io n s  in  te rm s o f  f l u i d  compo- 
n e n ts  p r e s e n ts  a  d i f f e r e n t  s i t u a t i o n  f o r  each  p rob lem  c o n s id e re d .  Rec- 
o g n iz in g  th e  lo g ic  c h a r a c t e r i s t i c s  o f  v a lv e s  p e rm its  t h e i r  u t i l i z a t i o n  
in  f l u i d  n e tw o rk s . The r e d u c t io n  o f  c i r c u i t  c o n f ig u r a t io n s  can  b e  im­
p lem en ted  by th e  u s e  o f  th e  co m p o site  o p e r a t io n a l  c h a r t .  The c h a r t  
e x h ib i t s  th e  s e q u e n t i a l  o rd e r  o f  s ig n a l  s t a t e s  and d is p la y s  th e  con­
t r i b u t i o n s  o f  th e  c i r c u i t  e q u a t io n s  in  a c h ie v in g  th e  s p e c i f i e d  lo g ic .  
I n  s y n th e s is  p rob lem s in v o lv in g  com plex e q u a t io n s ,  th e  o p e r a t io n a l  
c h a r t  i s  a lm o s t a n e c e s s i ty .
CHAPTER VII
FLUID NETWORK ANALYSIS
The a n a ly s i s  o f  f l u i d  s w itc h in g  n e tw o rk s  i s  th e  p ro c e s s  o f  d e t e r ­
m in ing  th e  o p e r a t io n a l  lo g ic  o f  a  sy stem  by d e r iv in g  th e  c h a r a c t e r i s t i c  
a lg e b r a ic  e q u a t io n s  o f  th e  c i r c u i t .  I n  a n a l y s i s ,  an e x i s t i n g  c i r c u i t  
i s  a v a i l a b l e ,  and th e  t r a n s m is s io n  f u n c t io n s  a r e  unknown. The p u rp o se  
o f  a  ne tw ork  a n a ly s i s  i s  to  d is c o v e r  th e  lo g ic  im p l ic a t io n s  and th e  
in h e r e n t  l i m i t a t i o n s  o f  th e  sy stem . Such in fo rm a tio n  i s  n eeded  f o r  
th e  a p p r o p r ia te  s e l e c t i o n  o f  c i r c u i t  com ponen ts, t r o u b le - s h o o t in g ,  and 
c i r c u i t  m o d if ic a t io n s  (n e tw o rk  r e d u c t io n  and c h an g in g  o r  e n la rg in g  th e  
c o n t r o l  c a p a b i l i t y ) .
C o n tro l n e tw o rk s  w hich h av e  been  i n t u i t i v e l y  d e s ig n e d  a r e  e n t i r e l y  
s a t i s f a c t o r y  i f  th e y  o p e ra te  and r e q u i r e  no c h a n g e s ; how ever, such  
i d e a l  s i t u a t i o n s  a r e  th e  e x c e p tio n  r a t h e r  th a n  th e  r u l e .  S in c e  th e  
lo g ic  s y n th e s is  o f  f l u i d  c i r c u i t s  h as  n o t been  in t ro d u c e d  and p r a c t i c e d ,  
a  n eed  w i l l  be  r e c o g n iz e d  f o r  o b ta in in g  th e  a lg e b r a ic  e x p re s s io n s  o f  
e x i s t i n g  c i r c u i t s .  I t  i s  th e  o b je c t iv e  o f  t h i s  c h a p te r  to  d e m o n s tra te  
a means by w hich  su ch  c i r c u i t s  can  be  a n a ly z e d  and th e  a p p r o p r ia te  sy n ­
th e s i s  maps o b ta in e d .  I n  o rd e r  to  acco m p lish  t h i s  g o a l ,  an exam ple 
p rob lem  w i l l  b e  s tu d ie d  and d is c u s s e d .
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S e le c t io n  o f  a N etw ork
C o n s id e ra b le  a t t e n t i o n  has  been  g iv e n  to  th e  s e l e c t i o n  o f  a s u i t ­
a b le  n e tw o rk  t h a t  w ould e x em p lify  a  com plex system  o f  s u f f i c i e n t  r i g o r  
to  i n d i c a t e  w h eth er th e  a n a ly s i s  m ethod would h o ld  f o r  any c o n c e iv a b le  
a p p l i c a t io n .  I t  i s  d i f f i c u l t  to  s in g le  o u t a g iv en  c i r c u i t  f o r  r e f e r ­
ence  b e c a u se  such  a s e l e c t i o n  w ould  be a r b i t r a r y  and s u b je c t  to  th e  
in f lu e n c e  o f  p e r s o n a l  o p in io n . The n eed  f o r  d e m o n s tra tin g  th e  a n a ly ­
s i s  te c h n iq u e  f o r  f l u i d  n e tw o rk s , how ever, made such a c h o ic e  n e c e s s a ry .  
The c i r c u i t  to  be  c o n s id e re d  in  t h i s  c h a p te r  was i n t u i t i v e l y  d e s ig n e d  
and e x p e r im e n ta l ly  t e s t e d  to  s e c u re  a  known o p e r a t io n a l  c i r c u i t  con­
f i g u r a t i o n  p o s s e s s in g  a ty p i c a l  random  lo g ic  c h a r a c t e r i s t i c .  A con­
s c ie n t io u s  e f f o r t  was made to  a c h ie v e  maximum netw ork  s im p l i f i c a t i o n  
f o r  th e  e v e n tu a l  com parison  o f  i n t u i t i v e  v e r s u s  lo g ic  d e s ig n  m ethods.
The f i n a l  c i r c u i t  c o n f ig u r a t io n  as  e x p e r im e n ta l ly  t e s t e d  i s  shown 
in  F ig . Y-1. I t  c o n s i s t s  o f  two c y l in d e r s  c o n t r o l l e d  by t h r e e - p o s i t i o n ,  
s p r in g  c e n te r e d ,  power c o n t ro l  v a lv e s .  The c y l in d e r s ,  by means o f  
a p p r o p r ia t e ly  d e s ig n e d  cam s, a c tu a te d  s ig n a l  v a lv e s  w hich e m itte d  p o s i ­
t i o n  in fo rm a tio n  ty p e  f l u i d  s ig n a l s  to  a c o n t r o l  n e tw o rk . The c o n t r o l  
ne tw ork  u t i l i z e d  th e s e  s ig n a l s  to  c o n t r o l  th e  s e q u e n t i a l  b e h a v io r  o f  
th e  c y l in d e r s .  The o p e r a t io n a l  c h a r a c t e r i s t i c s  o f  th e  c y l in d e r s  can 
b e  d e s c r ib e d  by th e  sh o r th a n d  s e q u e n t i a l  c y l in d e r  n o ta t io n  d is c u s s e d  
i n  C h a p te r  V. as  A , B , B, A, B, A, A, B. T h is  s e q u e n t i a l  p a t t e r n  e s t a b ­
l i s h e d  th e  need  f o r  memory e lem en ts  b e c a u se  o p e ra t io n  B does n o t  a lw ays 
fo llo w  o p e r a t io n  A and A does n o t  alw ays fo llo w B ^  e tc .
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G en era l C i r c u i t  E q u a tio n s  
The lo g i c a l  a n a ly s i s  o f  an e x i s t i n g  f l u i d  ne tw ork  I s  I n i t i a t e d  by 
l a b e l in g  th e  s ig n a l s  e m itte d  by each  c o n t r o l  v a lv e .  The o r ig i n  o f  a l l  
s ig n a l s  a c tu a t in g  th e  c o n t ro l  v a lv e s  m ust b e  d e te rm in e d  and a p p ro p r i ­
a t e l y  i d e n t i f i e d  a t  each  v a lv e .  The te c h n iq u e  o f  la b e l in g  and Id e n ­
t i f y i n g  f l u i d  s ig n a l s  I s  e x h ib i te d  on th e  I n t u i t i v e  c i r c u i t  d iag ram  '
In  F ig . 7 -1 . The s ig n a l s  and Eg r e f e r  to  th e  e x te n s io n  s ig n a l s  f o r  
c y l in d e r s  1 and 2 ,  r e s p e c t i v e l y ;  l i k e w is e ,  s ig n a l s  and Rg a r e  con ­
c e rn e d  w ith  th e  a s s o c ia te d  r e t r a c t i o n  s i g n a l s .  The Y s ig n a l s  a r e  
a s s ig n e d  to  a l l  v a lv e s  w hich  c o u ld  be  c o n s id e re d  a s  seco n d a ry  c i r c u i t  
e le m e n ts . The o u tp u t  s ig n a l s  to  th e  c y l in d e r s  a r e  la b e le d  u s in g  th e  
c o n v e n t io n a l  Z d e s ig n a t io n s .
A f te r  a l l  l i n e s  a r e  la b e le d  and I d e n t i f i e d ,  g e n e ra l  lo g ic  e x p re s ­
s io n s  a r e  w r i t t e n  to  d e s c r ib e  th e  c o n d i t io n s  u n d er w hich each  v a lv e  
o u tp u t w i l l  b e  o b ta in e d . Such e q u a tio n s  can  be  d e r iv e d  by c i r c u i t  I n ­
s p e c t io n  I f  th e  o p e r a t io n a l  c h a r a c t e r i s t i c s  o f  th e  v a lv e s  a r e  known. 
S u f f i c i e n t  background  was p re s e n te d  In  C h a p te r  VI to  w r i t e  th e s e  equa­
t i o n s .  The g e n e ra l  lo g ic  e x p re s s io n s  f o r  th e  I n t u i t i v e  c i r c u i t  a r e  as 
fo llo w s :
Zi " Ri (Y4 + Ëi)(yaRgyaRi + yiRiygEg) 7-1
Zg = y4EiRi(Ÿ6 + Rg + ÿg + Ri )(Ÿb Êg + ÿi + Ri) 7-2
Zg "  RgCy? +  Rg)(y3Rxy«Rg yxR iysR z) 7 -5  ■
z* = y?RgRg(y3 + Êi + ÿg + Rgjfÿi + Ri + ÿg + Rg) 7-^
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Y i "  Va ^ z^ s .  +  y iÊ a 7-5
+ Re) 7-6
Rg) 7-7
Rg) 7-8
+ Ri) 7-9
7-10
P i) 7-11
Ri) 7-12
Yb ■ +  R i)  +  Y e i y z  
Yg "  y a R i^ i +  yflRi
Y? -  yaRiCRi +  ÿ i )  +  y ? (R i +  9
Ye - yiRi(ÿa + Ri) + ye (Pa + 
H aving o b ta in e d  th e  g e n e r a l  lo g ic  e x p re s s io n s  f o r  th e  c i r c u i t ,  
e v e ry  means sh o u ld  be e s^ lo y e d  to  re d u c e  th e  number o f  v a r i a b le s  and 
l i t e r a l s  in  th e  e q u a t io n s .  An o b v io u s  way o f  a c h ie v in g  t h i s  g o a l i s  
th ro u g h  th e  com plem entary  c h a r a c t e r i s t i c s  o f  th e  f l i p  f lo p s  o r  f o u r ­
way v a lv e s .  I n  o th e r  w o rd s, i f  a  com ponent p o s s e s s e s  a d u a l t r a n s ­
m is s io n  c h a r a c t e r i s t i c  w hereby one o u tp u t i s  p r e s s u r iz e d  w h ile  th e  
o th e r  i s  ta n k e d , a l i t e r a l  and i t s  conq>lement can r e p r e s e n t  th e  a s s o ­
c i a t e d  o u tp u ts .  F o r th e  c i r c u i t  in  F ig . ? - l ,  th e  fo llo w in g  complemen­
t a r y  r e l a t i o n s  a r e  e s ta b l i s h e d :
Wj_ “ RiRi and Wi » E iR i
wg “ EgRg and Wg “ RgRg
yg -  P i and pg “ yi
ya " p4 and Pa " y*
ys “ Pa and Pb “ ye
y? “ Pe and p7 = ys
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The com plem entary  r e l a t i o n s  a r e  s u b s t i t u t e d  in  th e  g e n e ra l  c i r ­
c u i t  e q u a t io n s  to  re d u c e  th e  number o f  v a r i a b l e s  and p e rm it th e  g en ­
e r a l  s i m p l i f i c a t i o n  o f  th e  e q u a t io n s .  The s i m p l i f i c a t i o n  p ro c e s s  and 
th e  r e s u l t i n g  lo g i c  r e l a t i o n s  f o r  th e  se c o n d a ry  and o u tp u t  c i r c u i t s  
o f  th e  exam ple p rd b lem  a r e  a s  fo llo w s :
Z i  « Wi(y3 +  Wi)(ÿBW2y2Wi +  ÿsWiÿyWg)
Z i  "  (w iya +  Wi)(ÿsW2y2 +  92X7*2 )
Z i  "  wi(y&w2y2 +  xsyyqa)
Zi ■ yaÿsWiWa + 92X7*1*2 7-1)
Za - 93*i*i('X8 + *2 + 92 + *i)(X7 + *2 + X2 + *1) 
s in c e  th e  te rm  ygW^ s a t i s f i e s  th e  e q u a t io n ,
Zg = 9a*i 7-lk
Z3 “  *2(97 +  * 2 )(X 3 * i9 s* 2  +  92* 1X5*2 )
Z3 - (*297 + *2)(X3*i9b + 92*1X5)
Z3  -  W2 (y 3Wiy5 +  y2*iX5 )
Z3 " X39s*l*2 + 92X5*1*2 7-15
Z4 “ X7*2*2(9a + *1 + Xs + *2)(X2 + *1 + 9b + *2)
s in c e  th e  te rm  y^W2 s a t i s f i e s  th e  e q u a t io n ,
Z4 " X7*2 7-16
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Yg -  yaWiWaCÿg +  wg) +  y s i ÿ e  +  *2 )
Yg •  ÿgwiwgÿg + ÿgwiwa + yg(ÿg + wg)
Yg -  ÿgwiwg + yg(ÿg + wg) 7-17
Y3 -  ÿeWgCÿg + wg) +  yaCÿg + Wg)
Y3 -  ÿgWg +  y3 (yg +  Wg)
Y3 -  ÿswg + ygwg + ysÿg 7 - i 8
Yg -  y7WgWi(ÿg + Wi) +  yg(yg + w^)
Yg “ yvÿaWgWi +  y?wgWi + yg(ÿg + Wi)
Yg = yywgwi + ygÿg +  ygWi 7-19
Y? = y2Wi(wi +  yg) + y?(w i + yg)
Y? = ygwi + y ,(w i +  yg)
Y7 = ygWi +  y?w i +  ygy? 7 - 2 0
A n a ly s is  D iagram s 
The g e n e ra l  s p e c i f i c a t i o n s  o f  th e  c i r c u i t  a r e  s u f f i c i e n t  to  e s ­
t a b l i s h  th e  p r im i t i v e  f lo w  t a b l e  f o r  th e  sy stem . The lo g i c  im p lie d  
by t h i s  f lo w  t a b l e  m ust b e  s a t i s f i e d  r e g a r d l e s s  o f  th e  m ethod u se d  to  
s y n th e s iz e  th e  c i r c u i t .  The p r im i t i v e  f lo w  t a b l e  f o r  th e  i n t u i t i v e  
c i r c u i t  i s  shown in  T ab le ,7 "1 *
79
TABLE 7-1
PRIMITIVE FLOW TABLE FOR INTUITIVELY DESIGNED.CIRCUIT
O p e ra tio n WJL Wg 
0 0 0 1 1 1 1 0 Zi Zg Z3 Z4
1 A ® 2 1 0 0 0
2 B 3 © 0 0 1 0
3 B ® k c 0 0 1
k A 5 0 1 0 0
• 5 B ® 6 0 0 1 0
6 A © 7 1 0 0 0
7 A 8 © 0 1 0 0
8 B 1 0 0 0 1
' The seco n d a ry  s t a t e  v a lu e s  needed  in  c o n ju n c tio n  w ith  th e  in d i^c ; - 
caCed in p u t, s t a t e s  to  p ro d u ce  th e  d e s i r e d  o u tp u t s t a t e s  shown on th e  
p r im i t i v e  flow  t a b l e  m ust b e  e v a lu a te d . The seco n d a ry  s t a t e s  c o r r e s ­
p ond ing  to  th e  s t a b l e  s t a t e s  a r e  d e te rm in e d  w ith  th e  a id  o f  th e  g e n e ra l  
o u tp u t  e q u a tio n s  a l re a d y  d e r iv e d . The a c tu a l  p ro c e d u re  can  be demon­
s t r a t e d  by c o n s id e r in g  a g iv e n  o u tp u t re q u ire m e n t e x h ib i te d  on th e  
p r im i t i v e  flo w  t a b l e  and exam ine th e  a p p r o p r ia te  o u tp u t  e q u a t io n s  to  
e s t a b l i s h  th e  n e c e s s a ry  seco n d ary  v a lu e s .  By r e f e r r i n g  to  they p r im i t i v e  
f lo w  f a b l e  (T a b le  7 - 1 ) ,  o p e ra t io n  1 ( e x te n s io n  s t r o k e  o f  A) r e q u i r e s  
t h a t  Z x  ■ 1; th e r e f o r e ,  i t  can  be se e n  from  th e  Z x  e q u a t io n  (Eq. 7 “ 13) 
t h a t  s in c e  w^ “  0 and wg = 0 th en  yg = 1 and yg = 0 b e f o r e  Z x  “  1 . 
S im i la r ly ,  f o r  o p e ra t io n  2 ( e x te n s io n  o f  B) to  o c c u r ,  Z3 *• 1 and Eq.
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7-15 m ust be  s a t i s f i e d ;  t h e r e f o r e ,  s in c e  ■ I  and wg -  0 ,  th e n  Ya “  1 
and Yg "  0 . T h is  e v a lu a t io n  p ro c e s s  can  be  r e p e a te d  u n t i l  th e  c o n d it  
t i o n s  f o r  each  o p e ra t io n  h a v e  been d e te rm in e d . The r e s u l t s  o f  t h i s  
p ro c e s s  a r e  r e c o rd e d  on a n . in te r m e d ia te  seq u en ce  t a b l e  as i l l u s t r a t e d  
in  T a b le  7 -2 .
TABhE 7 -2
INTERMEDIATE SEQUENCE TABLE FOR INTUITIVE CIRCUIT
O p e ra tio n I n p u ts
W i Wg
- S econdary  
Yg Yg Yg Y?
O u tp u ts  
Z i  Zg Zg z*
1 A 0 0 1 0 1 0 0 0
2 B 1 0 1 0 0 0 1 0
3 B 1 1 1 0 0 0 1
k  A 1 0 0 0 1 0 0
5 B 0 0 0" 1 0 0 1 0
6 A 0 1 0 0 1 0 0 0
7 A 1 I 0 0 1 0 0
8 B 0 1 1 0 0
1
0 1
The b in a r y  v a lu e s  o f  t h e  secondarY  s t a t e s  th a t ,  a r e  m iss in g  in  th e  
in te r m e d ia te  seq u en ce  t a b l e  a r e  d e te rm in e d  bY e v a lu a t in g  each  seco n d ­
a ry  c i r c u i t  e q u a tio n . For exam ple, i t  can  be  co n firm ed  by Eq. 7~17 
t h a t  Yg = 1 in  o p e ra t io n  2 b e c a u se  yg was t r a n s m i t t in g  in  th e  p r e ­
v io u s  o p e ra t io n  and Yg “  0 . S im i la r ly ,  in  o p e ra t io n  5 ,  Yg ** 1 b eca u se  
Wg “  1 and yg was t r a n s m i t t in g  in  th e  p re v io u s  o p e r a t io n .  H owever, in
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o p e r a t io n  4 ,  th e  v a lu e  o f  yg m ust be d e te rm in e d  b e f o r e  a d e c i s io n  can 
be  made c o n c e rn in g  th e  v a lu e  o f  yg b e c a u se  o n ly  yg = 0 can c o n tin u e  
th e  yg tr a n s m is s io n  w ith  th e  e x i s t i n g  in p u t  s t a t e s .  The d e te rm in a ­
t i o n  o f  th e  m is s in g  se c o n d a ry  s t a t e  v a lu e s  by e v a lu a t in g  th e  g e n e ra l  
c i r c u i t  e q u a t io n s  i s  a c r i t i c a l  p h ase  o f  th e  c i r c u i t  a n a ly s i s  and can 
b e  deduced by th e  a p p l i c a t io n  o f  th e  above p ro c e d u re . A f te r  th e  
v a lu e s  have b een  d e te rm in e d , th e y  a r e  e n te r e d  in  t h e i r  c o r re sp o n d in g  
lo c a t io n s  in  th e  in te r m e d ia te  sequ en ce  t a b l e  to  form  th e  f i n a l  seq u en ce  
t a b l e  f o r  th e  c i r c u i t .  The f i n a l  seq u en ce  t a b l e  f o r  th e  i n t u i t i v e  
c i r c u i t  i s  shown in  T ab le  7 “5*
TABLE 7-5
FINAL SEQUENCE TABLE FOR INTUITIVE CIRCUIT
In p u ts Secondary O u tp u ts
O p e ra tio n « 1 Wg Ya Ï3 Yb Y? Zi Zg Z3 Z4
1 A 0 0 1 1 ' 0 1 1 0 0 0
2 B 1 0 1 1 0 1 0 0 1 0
5 B 1 1 1 1 1 1 0 0 0 1
k  A 1 0 0 0 1 1 0 1 0 0
5 B 0 0 0 0 1 0 0 0 1 0
6 A 0 1 0 0 1 0 1 0 0 0
7 A 1 1 1 0 1 0 0 1 0 0
8 B 0 1 1 0 0 1 0 0 0 1
B ased on th e  in p u t  and seco n d a ry  s t a t e  in fo rm a tio n  c o n ta in e d  in
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th e  f i n a l  seq u en ce  t a b l e ,  an  e x c i t a t i o n  map f o r  th e  c i r c u i t  can  be  
draw n. The e x c i t a t i o n  map f o r  th e  I n t u i t i v e l y  d e s ig n e d  c i r c u i t  m ust 
be  a  s ix  v a r i a b l e  ty p e  b e c a u se  o f  th e  fo u r  se co n d a ry  and :two In p u t 
v a r i a b l e s .  The co m p o site  e x c i t a t i o n  map I s  I l l u s t r a t e d  In  F ig . J - 2 .  
The s t a b l e  and u n s ta b le  o p e r a t io n a l  num bers a r e  e n te r e d  w ith  t h e i r  
c o r re s p o n d in g  e x c i t a t i o n  e n t r y  to  p ro v id e  c o n t in u i ty .
( A l O z
00
00
0 0
0 0
0 0
F ig .  7 -2 . E x c i t a t io n  Map f o r  I n t u i t i v e l y  D esigned  C i r c u i t .
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P o ssess in g  the e x c ita t io n  map for  the in t u i t iv e ly  designed c ir c u i t  
perm its the sim p lest secondary c ir c u i t  expression s to  be determined.
I t  should be emphasized th at any s im p lif ic a t io n  o f equations obtained  
from th e e x c ita tio n  map/%which i s  derived  from the a n a ly s is  method 
being d iscu ssed , i s  com pletely  dependent upon th e e x is t in g  opera tion a l 
p attern  d isp layed  on the map. In the lo g ic  sy n th es is  method, th e map 
p attern  i s  optim ized by the merging technique described  in Chapter V. 
The s im p le st map equations for  the secondary c ir c u i t s  can be w ritten  
usin g  the Karnaugh technique described  in  Appendix B. For the e x c ita ­
tio n  map shown in  F ig . 7 - 2 ,  the s im p lest exp ression s are id e n t ic a l  to 
th e secondary equations already derived except for Yg. The map in d i­
c a te s  th at th e s in k ie s t  Yg equation i s
?2  = Ys +  WjWg +  ygWg 7-21
and n ot the expression  given by Eq. 7 -I7 . However, th e s im p lest equa­
tio n  does not always y ie ld  the s im p lest c ir c u i t .  In  th e ca se  o f  Eq.
7 -2 1 , a four-way, p ilo t-o p e r a te d , d eten t v a lv e  i s  s t i l l  required as 
shown in  F ig . 7 "3 *
Y2—
ID ET i
1 X DÇT
+ w ,W z LU u .
F ig . 7 -3 . C ir cu it  Required to  S a t is fy  Eq. 7 -2 I .
I t  can be shown th a t the c ir c u i t  co n fig u ra tio n s required  to produce
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th e  s ig n a l  ÿg +  w^Wg in  F ig . 7-5  i s  com parab le  to  t h a t  o r i g i n a l l y  em­
p lo y e d  to  g iv e  th e  s ig n a l s  ygWg and Wgy^; t h e r e f o r e ,  th e  se c o n d a ry  
c i r c u i t  a n a ly s i s  d id  n o t  r e v e a l  any p r o f i t a b l e  m o d if ic a t io n s  in  th e  
seco n d ary  c i r c u i t .  A b e t t e r  u n d e rs ta n d in g  o f  th e  o p e r a t io n  o f th e  c i r ­
c u i t  i s  p ro v id e d , how ever, b e c a u se  o f  th e  i n s i g h t  g iv e n  by th e  e x c i t a ­
t i o n  map. F o r exam ple, th e  te rm  y^ÿg in  th e  Y3 e q u a t io n  (Eq. 7 - lS )  and 
th e  te rm  y ^ y , in  th e  Y7 r e l a t i o n  (Eq. J - 2 0 )  a r e  h a z a rd  e l im in a t in g  f a c ­
t o r s .  The n e e d  f o r  th e s e  f a c t o r s  was i n t u i t i v e l y  re c o g n iz e d  w ith o u t 
r e a l i z i n g  t h e i r  a c tu a l  lo g i c  s ig n i f i c a n c e .  I n  th e  e v e n t  the« c i r c u i t  
had  n o t  p e rfo rm ed  e x p e r im e n ta l ly ,  t h i s  a n a ly s i s  w ould have p ro v id e d  
th e  answ er f o r  h a z a rd  e l im in a t io n  and a l s o  a th o ro u g h  e v a lu a t io n  
w h eth er th e  d e s i r e d  lo g ic  s p e c i f i c a t i o n s  w ere s a t i s f i e d .
The f i n a l  s te p  i n  th e  a n a ly s i s  i s  to  d evelop  th e  o u tp u t  map f o r  
th e  sy stem . Such a map can  b e  form ed from  th e  in fo rm a tio n  c o n ta in e d  
in  th e  f i n a l  seq u en ce  t a b l e .  A gain  th e  s t a b l e  and u n s ta b le  o p e r a t io n a l  
num bers a r e  e n te r e d  in  th e  map w ith  t h e i r  c o rre sp o n d in g  o u tp u t s t a t e  
v a lu e s .  The o u tp u t  s t a t e  v a lu e s  a s s o c ia t e d  w ith  a g iv e n  s t a b l e  s t a t e  
a r e  f ix e d ;  how ever, th e  v a lu e s  c o rre sp o n d in g  to  th e  u n s ta b le  s t a t e s  
u s u a l ly  c o n ta in  o p t io n a l  te rm s . F o r exam ple , r e f e r r i n g  to  th e  p r im i­
t i v e  flo w  t a b l e  (T a b le  7 "1 ) c o n s id e r  th e  o p e ra t io n  in v o lv e d  in  s h i f t ­
in g  to  s t a b l e  s t a t e  3 from  s t a b l e  s t a t e  2 . The v a lu e s  o f  and Zg 
rem ain  f ix e d  w h ile  th e  v a lu e s  o f  Z3 and Z4 a r e  changed ; t h e r e f o r e ,  th e  
a c t u a l  v a lu e s  o f  Z3 and Z* a r e  a r b i t r a r y  a t  u n s ta b le  s t a t e  3 . The 
a r b i t r a r y  o r  o p t io n a l  v a lu e s  a r e  m arked on th e  o u tp u t map in  o rd e r  to  
p e rm it s im p l i f i c a t i o n  o f  th e  o u tp u t e q u a t io n s .  The co m p o site  o u tp u t  
map f o r  th e  i n t u i t i v e l y  d e s ig n e d  c i r c u i t  i s  shown in  F ig . J ~ k .
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F ig .  J ~ k .  C om posite O u tp u t Map f o r  I n t u i t i v e l y  D esigned  C i r c u i t
An ex am in a tio n  o f  th e  o u tp u t  map (F ig .  f o r  th e  i n t u i t i v e l y
d e s ig n e d  c i r c u i t  i n d i c a te s  t h a t  no h a z a rd s  a r e  in v o lv e d ' in  th e  o u tp u t 
c i r c u i t  e q u a t io n s .  The e q u a t io n s  f o r  Zg and a r e  optimum f o r  th e  
o u tp u t  map c o n f ig u r a t io n .  A cco rd in g  to  th e  o u tp u t  map, th e  s in q j le s t
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Z i  e q u a tio n  I s
Zi ■ wgÿz + WiYs 7-22
T h is  e q u a tio n  c o n ta in s  h a l f  th e  number o f  l i t e r a l s  In v o lv e d  In  th e  
o r i g i n a l  e q u a tio n  (Eq. 7 -^ 3 )  and r e p r e s e n t s  a s i g n i f i c a n t  r e d u c t io n .  
H ow ever, an In s p e c t io n  o f  th e  s ig n a l s  g e n e ra te d  by th e  e x i s t i n g  s e c ­
o n d a ry  c i r c u i t  r e v e a l s  t h a t  a  m a jo r change o f  th e  e n t i r e  c i r c u i t  would 
b e  r e q u i r e d  to  Im plem ent Eq. 7 -2 2  w ith  some r e s e r v a t io n s  as  to  th e  
o v e r - a l l  economy. The s im p le s t  Z3 e q u a t io n  w hich can  be deduced from  
th e  o u tp u t  map I s
Z3 "  WiŸs +  wiwaÿa +  Wgÿ? 7-23
T h is  e q u a tio n  c o n ta in s  o n ly  one l e s s  l i t e r a l  th a n  th e  o r i g i n a l  Zg equa­
t i o n  (Eq. 7 - 15) and adds an e x t r a  OR te rm  (w g y ,) to  e l im in a te  a p o te n ­
t i a l  h a z a rd . No a p p a re n t  ad v a n ta g e  I s  g a in e d  by u s in g  t h i s  e q u a tio n  
In  p r e f e r e n c e  to  th e  o r i g i n a l  c i r c u i t  e q u a t io n .
The a n a ly s i s  o f  th e . I n t u i t i v e l y  d e s ig n e d  c i r c u i t  h as  shown t h a t  
th e  c i r c u i t  I s  f r e e  o f  h a z a rd s  and w ould b e  an o p e r a t io n a l  c o n f ig u r a ­
t i o n .  The e x p e r im e n ta l v e r i f i c a t i o n  o f  t h i s  c i r c u i t  r e v e a le d  t h a t  th e  
c i r c u i t  w ould o p e r a te  o v e r th e  f u l l  c a p a c i ty  ra n g e  o f  th e  f l u i d  power 
s ta n d  ( v a r i a b le  up to  a  maximum p r e s s u r e  and flo w  r a t e  o f  I 3OO p s l  and 
20 gpm, r e s p e c t i v e l y ) .  E very  e f f o r t  was made d u r in g  th e  e x p e r im e n ta l 
t e s t i n g  to  c o n fu se  th e  In c o rp o ra te d  lo g ic  o f  th e  sy stem  by s to p p in g  
and s t a r t i n g  th e  c i r c u i t ,  a t  v a r io u s  p o in t s  In  I t s  c y c le ,  b u t th e  c i r ­
c u i t  w ould alw ays c o n t in u e  tl)e  p ro p e r  a c t io n  even when l e f t  I d l e  f o r  
lo n g  p e r io d s  o f  tim e . The p h y s ic a l  a rran g em en t o f  th e  c i r c u i t  compo­
n e n t s  I s  shown In  F ig . 7-5*
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F ig  Y“5. P h y s ic a l  A rrangem ent o f  I n t u i t i v e l y  D esigned  C i r c u i t ,
CHAPTER V I I I  
VERIFICATION OF SYNTHESIS METHOD
The lo g ic  s y n th e s is  m ethod f o r  f l u i d  c o n t r o l  n e tw o rk s  p r e s e n te d  
in  t h i s  t h e s i s  o f f e r s  a means o f  e x te n d in g  th e  no rm al r e a s o n in g  power 
o f  an e n g in e e r .  I t  e n a b le s  th e  d e s ig n e r  to  p u rs u e  a  s y n th e s is  p rob lem  
in  a  l o g i c a l  and o r d e r ly  m anner w ith  a  minimum amount o f  dependence 
on c r e a t i v i t y .  T hese  c la im s  a r e  open f o r  c r i t i c i s m  u n le s s  a  r ig o r o u s  
d e m o n s tra tio n  can be ev id en ced  o f  th e  power and p r a c t i c a l i t y  o f  t h i s  
m ethod. I t  i s  th e  p u rp o se  o f  t h i s  c h a p te r  to  j u s t i f y  th e s e  c la im s  and 
p e rm it th e  g e n e ra l  a p p r a i s a l  o f  th e  m ethod.
E n g in e e rs  who have d e s ig n e d  c o m p lic a te d  f l u i d  sy stem s can  a p p re ­
c i a t e  th e  p rob lem s in v o lv e d  in  th e  s y n th e s is  o f  s e q u e n t i a l  ty p e  c i r c u i t s .  
The d e s ig n  o f  th e s e  c i r c u i t s  p o se s  a trem endous c h a l le n g e  t h a t  i s  n o t  
alw ays a c c e p te d  by f l u i d  power e n g in e e r s .  I t  i s  t h e r e f o r e  im p o r ta n t 
t h a t  th e  d e m o n s tra tio n  o f  th e  s y n th e s is  m ethod p r e s e n te d  h e re in  b e  o f  
a  s e q u e n t i a l  lo g ic  ty p e . S in c e  th e  lo g ic  im p l ic a t io n s  o f  th e  i n t u i t i v e ­
ly  d e s ig n e d  c i r c u i t  p re s e n te d  in  C h a p të r  V II s a t i s f i e s  a l l  m a jo r r e q u i r e ­
m ents o f  a com plex s e q u e n t i a l  c i r c u i t ,  t h i s  tw o -c y l in d e r  sy stem  w i l l  be 
s y n th e s iz e d  and s tu d ie d .
An a d d i t i o n a l  b e n e f i t  can b e  r e a l i z e d  by  em ploying  th e  lo g ic  s p e c i ­
f i c a t i o n s  o f  th e  i n t u i t i v e l y  d e s ig n e d  c i r c u i t  in  a  s y n th e s is  s tu d y
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b e c a u se  a com parison  can be  drawn o f  th e  f i n a l  ne tw ork  c o n f ig u r a t io n s .  
I t  was m en tio n ed  in  C h ap te r V II t h a t  c o n s id e r a b le  a t t e n t i o n  was g iv e n  
to  th e  s im p l i f i c a t i o n  o f  th e  c i r c u i t  f o r  th e  p u rp o se  o f  o b ta in in g  th e  
m ost optimum c i r c u i t  w hich c o u ld  be i n t u i t i v e l y  d e s ig n e d . A d i r e c t  
com parison  betw een  th e  i n t u i t i v e l y  d e s ig n e d  c i r c u i t  and th e  l o g i c a l l y  
d e s ig n e d  c i r c u i t  sh o u ld  r e v e a l  some m easu re  o f  th e  d eg ree  o f  o p tim iz a ­
t i o n  a c h ie v e d .
C i r c u i t  S y n th e s is  I n i t i a t i o n  
The s p e c i f i c a t i o n s  f o r  th e  s e q u e n t i a l  c i r c u i t  to  be  s y n th e s iz e d  
a r e  e s t a b l i s h e d  by th e  p r im i t i v e  flow  t a b l e  in  T a b le  ? - l .  U sing  th e  
s y n th e s i s  te c h n iq u e  p r e s e n te d  .in  C h ap te r V, th e  c i r c u i t  e q u a t io n s  f o r  
th e  o p e r a t io n a l  ne tw ork  w i l l  be  d e r iv e d . No re d u n d a n t s t a t e s  a r e  e v i ­
d e n t  in  th e  f lo w  t a b l e  b e c a u se  two s t a b l e  s t a t e s  h av in g  th e  same o u t ­
p u t c o n d i t io n s  do n o t e x i s t  in  th e  same colum n. B ased on th e  r u l e s  
f o r  m erg ing  two rows o f  a f lo w  t a b l e ,  a t a b l e  o f  p o s s ib le  m erg e rs  can 
b e  com ple ted  a s  shown in  T a b le  8 -1 .
A m erger d iag ram  can  b e  drawn b ased  on th e  t a b l e  o f  p o s s ib le  m er­
g e rs  and th e  p ro c e d u re  g iv e n  in  C h ap te r V. T h is  d iag ram  w hich  d is p la y s  
g r a p h ic a l ly  th e  m erging  c h a r a c t e r i s t i c s  o f  th e  rows o f  th e  p r im i t i v e  
flo w  t a b l e  p e rm its  a v i s u a l  r e c o g n i t io n  o f  th e  a p p r o p r ia te  row com bina­
t i o n s .  The m erge r d iag ram  f o r  th e  s e q u e n t i a l  p rob lem  i s  an a r r a y  o f  
e ig h t  num bers and i s  i l l u s t r a t e d  in  F ig . 8 -1 .
A m erger co m b in a tio n  m ust com prise  num bers. in  th e  m erger d iag ram  
w hich  a r e  l in k e d  w ith  each  and ev ery  o th e r  number in  th e  co m b in a tio n . 
The d iag ram  shown in  F ig . 8 - 1 ,  d is p la y s  a  p a t t e r n  t h a t  r e q u i r e s  a
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TABLE 8-1
TABLE OF POSSIBLE MERGERS FOR SEQUENTIAL PROBLEM
ROW_________WITH_________ ROW
1 2
1 6
1 7
1 8
2 5
2 8
3 ^
3  5
3 8
4^. 5
h  6
h  7
5 6
7 8
F ig . 8 -1 . M erger D iagram  f o r  th e  S e q u e n t ia l  Problem
minimum o f  fo u r  rows in  th e  m erged flo w  t a b le .  T h e re  a r e  e i g h t  d i f f e r ­
e n t  m erg ing  c o m b in a tio n s  p o s s ib le  to  a c h ie v e  th e  fo u r  row t a b l e .  T hese 
c o m b in a tio n s  a r e  shown in  T a b le  8 -2 . I n  o rd e r  to  o b ta in  th e  optimum 
c i r c u i t  from  a  fo u r  row m erged flo w  t a b l e ,  each  p o s s ib le  c o m b in a tio n  
w hich  w ould p ro d u ce  su ch  a t a b l e  r e q u i r e s  c o n s id e r a t io n .  The c i r c u i t
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TABLE 8-2
TABLE OF MERGERS FOR SEQUENTIAL PROBLEM
1. 2 3 - h 5 - 6 7 - 8
2. 7 2 - 8 3 - 4 5 - 6
3. 7 2 - 8 3 - 5 4 - 6
k. 6 2 - 8 3 - 5 k - 7
5. 6 2 - 5 3 - 8 h - 7
6. 1 - 7 - 8 2 3 - k - 5 6
7. 1 - 2 - 8 5 k - 5 - 6 7
8. 1 - 7 - 8 2 3 k - 5 - 6
e q u a t io n s  w hich a r e  d e r iv e d  from  th e  s y n th e s i s  d iag ram s a r e  d i f f e r e n t  
f o r  each  m erged co m b in a tio n . An a n a ly s i s  w i l l  be  p r e s e n te d  f o r  each 
p o s s i b le  m erg ing  co m b in a tio n  to  o b ta in  th e  m ost optimum c i r c u i t  con­
f i g u r a t i o n .  A ls o , an a p p r a i s a l  m ethod w i l l  be in t ro d u c e d  f o r  th e  p u r ­
p o se  o f  com paring  th e  c i r c u i t  e q u a t io n s  f o r  d e te rm in in g  th e  r e l a t i v e  
c o m p le x ity  o f  th e  v a r io u s  c i r c u i t s .
M erger No. 1
The m erged flo w  t a b l e  f o r  th e  f i r s t  co m b in a tio n  o f  row m ergers 
g iv e n  in  T a b le  6 -2  i s  shown in  T a b le  8 -3 . From T a b le  8 -3 ,  i t  can be 
o b se rv e d  th a t  no n o n -a d ja c e n t  row t r a n s i t i o n s  o c c u r ;  t h e r e f o r e ,  u s in g  
th e  p ro c e d u re  g iv en  in  C h ap te r  V, an  e x c i t a t i o n  map can be  drawn as 
shown in  F ig . 8 -2 . The o u tp u t map f o r  th e  f i r s t  m e rg e r , p r e s e n te d  in  
F ig . 8 -3 ,  i s  b a sed  on th e  se c o n d a ry  a ss ig n m e n ts  o r  F ig .  8 -2  and th e
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TABLE 8-5
MERGED FLOW TABLE NO. 1 FOR SEQUENTIAL PROBLEM
Wi Wg
GO 01 11 10
a & 5 ©
b 5 ® ©
c © © 7
d 1 © ©
4» y%
00
WiWi 
0 0 0 1 1 1 1 0
0 0 0 1 0 0
01 1 1 0 1 0 1
11 1 1 I 1 1 0
10 0 0 1 0 1 0
F ig . 8 -2 . E x c i t a t io n  Map No. 1 f o r  S e q u e n t ia l  P rob lem
W| w%
00 0 1 1 I I 0
1 0 0 0 0 0 — 00 1 0
0 1 0 - - 0 0 0 0 1 0 10 0
1 1 0 0 10 1 0 00 -  -  00 -
1 0 -  0 0 - 0 0  0 1 0 1 00
F ig .  8 -5 . C om posite  O u tp u t Map No. 1; f o r  S e q u e n t ia l  P rob lem
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o u tp u t  s t a t e s  g iv e n  in  T a b le  Y-1 f o r  th e  c o r re s p o n d in g  S ta b le  s t a t e  
num bers.
The seco n d a ry  and o u tp u t  c i r c u i t  e q u a t io n s  a r e  o b ta in e d  from  P ig s .
8 -2  and 8 - 3 ,  r e s p e c t i v e l y ,  u s in g  th e  K arnaugh map re a d in g  te c h n iq u e  
p r e s e n te d  in  A ppendix  B. The fo llo w in g  e q u a t io n s  a r e  th e  ne tw ork  r e r  
l a t i o n s  in  f a c to r e d  form  and c o n ta in  th e  a p p r o p r ia te  h a z a rd  e l im i n a t ­
in g  te rm s.
Y i « ygw i +  yiWg 8 -1
Ya "  ÿ i ^ z  +  y a (w i +  ÿ i )
Z i  -  Wi(y2Wa +  yaWa +  ÿx^a) 
Za -  w i(y i + ygwg) 
Z3 “  wsCyiŸs +  yaw i +  y iw i)  
Z4 -  WaCyaWi + ÿiyg + ÿiWi)
8-2
8-3
8-h
8-5
8-6
The d iag ram s and e q u a t io n s  f o r  th e  re m a in in g  m erge r c o m b in a tio n s  
a r e  o b ta in e d  in  th e  same m anner a s  g iv e n  f o r  M erger No. 1. T h e re fo re ,  
no f u r th e r  d e t a i l e d  e x p la n a t io n  i s  g iv e n  c o n c e rn in g  th e  r e s u l t i n g  d i a ­
grams and e q u a t io n s .
4 i 4 z
0 0
0  0
M erger No. 2
0  1 I I 1 0
0  0 0  1 0 0 0  1
0  1 0 0 0  1 1 1 0  1
1 1 1 0 1 1 1 1
1 0 1 0 1 0 0  0 1
F ig . 8 -4 .  E x c i t a t io n  Map No. 2 f o r  S e q u e n t ia l  P rob lem
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TABLE 804
MERGED FLOW TABLE NO. 2 FOR SEQUENTIAL PROBLEM
Wi Wg
00 01 11 10
a © 8 ® 2
b 1 ® 5 ©
c 5 © ®
d ® © 7
y,
00
0 1 1 1 1 0
1 0 0 0 0 — 0 - 0 1 0 0 -  0 — 0
0 1 - 0 0 - 0 0 0  1 0 0 — 0 0 10
1 1 0 —  0 0 0 0  1 0 1 0 0
1 0 0 0 10 1 0 0 0 “ - 0 0
F ig . 8 - 5 . C om posite O u tp u t Map No. 2 f o r  S e q u e n t ia l  P rob lem
Y i = ygwiwg +  y i(w i +  ya) 8-7
Yg * wjLWg + yiWj_wg + yg(wi + wg) 8-8
Z i  = ÿiŸaWa +  yiŸaWa + y ^ ÿ a ^ i + Ÿ z^i^g 8-9
Za “ YiYaWa + w^wgÿg + yiÿgWi + yiw^wg 8-10
Z3 “  w g(y iÿg  +  ÿiWi + ÿgWi) 8 -11
Z4 “  ya*a 8-12
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M erger No. 5 
TABLE 8-5
MERGED FLOW TABLE NO. 5 FOR SEQUENTIAL PROBLEM
Wi Wg
00 01 11 10
a © 8 © 2
b 1 ® 3 ©
c ® 6 ® k
d 5 © 7 ©
0 I I I I 0
s y 0 0 0 1 0 0 0 1
0 1 0 0 0 1 11 0 1
11 11 1 0 11 1 0
1 0 11 1 0 0 0 1 0
F ig .  8 -6 . E x c i t a t io n  Map No. 5 f o r  S e q u e n t ia l  P roblem
n
0  I
1 I
I 0
U}|(ügt
00 0  I I I 0
1 0 0 0 0 - 0  - 0 1 00 -  0 -  0
- 0 0 - 0 0 0  1 0 0 - - 00  10
0 0 1 0 —  0 —  0 0 0 0  1 0 -  0 -
0 —  0 100  0 -----------0 0 0 100
F ig . 8 - 7 . C om posite O u tp u t Map No. 3 f o r  S e q u e n t ia l  P roblem
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Y i » ygWiWg +  y i ( w i  +  W3.W2 +  y a )
Yg = cannot e lim in a te  hazard
Z i “ cannot e lim in a te  hazard
Z2  «  Wi(y2W2 +  Y ipg)
Z3 -  wgCyiyg + ygwi)
Z4 » wg(ÿxy2 + yawi)
Merger No. h.
TABLE 8-6
MERGED FLOW TABLE NO. h FOR SEQUENTIAL PROBLEM
Wi .-Wg
00 01 11 10
a © 7 2
b 1 ® 3 ©
c © 6 © . 4
d 5 8 © ©
8 - 1)
8-lU
8-15
8-16
8-17
8-18
An in sp ectio n  o f  Table 8 -6  r ev ea ls  th at two tr a n s it io n s  occur 
between non-adjacent rows. A lso , no arrangement o f  the rows can be 
made to  e lim in a te  th e tr a n s it io n s . T herefore, th is  merger combination  
would not y ie ld  an appropriate so lu tio n  to  the seq u en tia l problem and 
w i l l  n o t be fu rth er considered .
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M erger No. 5 
TABLE 8 -7
MERGED FLOW.TABLE NO. $ FOR SEQUENTIAL PROBLEM
W i Wg
00 01 11 10
a ® ® 7 2
b ® 6 3 ©
c 1
d 5 8 ® ®
M erger No. 5 i s  d is c a rd e d  f o r  th e  same t r a n s i t i o n  p rob lem  e x i s t ­
in g  In  M erger No. If. No s u i t a b l e  re a rra n g e m e n t o f  rows I s  p o s s ib le .
M erger No. 6 
TABLE 8-8
MERGED FLOW TABLE NO. 6 FOR SEQUENTIAL PROBLEM
Wj, Wg
00 01 11 10
a ® © ® 2
b 5 ©
c ® 6 © ©
d © 7
Y i = ygwg +  y i(y g  +  w i) 
Yg -  wiwg +  yg(w i +  Wg)
8-19
8-20
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Z i  -  wy{yiÿs + 9 2 *2 )
Zz  »  * 1 ( 9 2 * 2  +  7 1 * 2  +  7 1 7 2 ) .
Z3 “ *2(9iy2 + 72*1)
Z+ " *2(9l*l + 72*1 + 9i72)
8-21
8-22
8-25
8 -2 4
U, iL t
w,w%
0 0 0 1 1 1 1 0
*1»
0 0 0 0 0 0 0 0 0 1
0 1 i 1 0 1
i 1 1 1 1 0 1 1 1 1
1 0 1 0 0 0
F ig . 8 -8 . E x c ita tio n  Map No. 6 fo r  Sequ entia l Problem
lA W a.
00 0  I I I
0 0 1 0 0 0 0 0  0 1 0 10  0 - 0 - 0
0 1 0 0 — 0 0  i 0
1 1 . 0 0  10 - 0 - 0 0 0 0  1 0 1 0 0
1 0 1 0 0  0 -  -  0 0. 1 .1 il ■
F ig . 8 - 9 . Composite Output Map No. 6 fo r  Seq u en tia l Problem
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M erger No. 7 
TABLE 8 -9
MERGED FLOW TABLE NO. 7 FOR SEQUENTIAL PROBLEM
W i Wg
00 01 11 10
a ® ® © 2
b 5 ©
c © k
d © © 7 ©
0 0
0  1 1 1 1 0
0  0 0  0 0 0 0  1
0  1 ' i t 0  1
1 I 1 1 1 0
1 0 I  1 0 1 0 0 0 1 0
8 -1 0 . E x c i ta t io n  Map No. 7 f o r  S e q u e n t ia l  P rob
y , y i
0 0
U)|
0 0 0  1 1 t 1 0
1,0 0  0 0 0 0  1 0  1 0  0 - 0 - 0
0 1 0 0 -  — 0 0 10
1 I 0  0 0  1 0 -  0 —
1 0 0  0  1 0 1 0  0  0 -----0 0 0  1 0 0
F ig . 8 -1 1 . C om posite O u tp u t Map No. 7 f o r  S e q u e n t ia l  P roblem
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Y i “  yaW2 +  y i( w i  +  Wg)
Yg = ÿiWiWg + yg(w2 + ÿ i)
Z i  » w i(w 2yi +  W2ÿi +  ya)
Za = wi(w2 y2  + yiÿa)
Z3 “  W 2 (ÿ iy g  +  y iw i  +  ygW i)
Z4 = wa(ya + ÿ iw i)
M erger No. 8 
TABLE 8 -10
MERGED FLOW TABLE NO. 8  FOR SEQUENTIAL PROBLEM
Wi W2
00 01 11 10
a ® © 3 ©
b © k
c © © 7 ©
d 8 ©
0 0
0 1 1 1 1 0
0 0 0 0 0 1 0 0
0 1 0 1 1 1
1 1 11 I 1 1 0 1 1
1 0 0 0 1 0
8-25
8-26
8-27
8-28
8-29
8-50
F ig . 8 -1 2 . E x c i ta t io n  Map No. 8 f o r  S e q u e n t ia l  P roblem
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0 )iU H  
0 0 0  I I I I 0
« 3^ 1 0 00 0 0 0  1 0 0 — 0 0 10
0 1 0 0 0 1 0 -  0 -
1 1 0 0 10 1 0 0 0 —  0 0 0 10 0
1 0 0 -  0 - 0 100
F ig . 8 - 13. C om posite  O u tp u t Map No. 8 f o r  S e q u e n t ia l  P roblem
Yi = 72*2 + yiCya + *i) 8-31
Ï2 = ÿxWi*2 + 72 (*2 + *1 + ÿi) 8-32
Z i  =  * 1 ( 7 2 * 2  +  7 1 * 2  +  7 i 7 2 )  8 - 3 3
Z2 = *i7i 8-34
Z3 “ *2(7iWi + 72*1 + 7172) 8-35
Z4 = *27i 8-36
A p p ra is a l  o f  C i r c u i t  E q u a tio n s  
I n  o rd e r  to  a p p r a i s e  th e  r e l a t i v e  co m p lex ity  o f  th e  c i r c u i t s  r e p r e ­
s e n te d  by th e  v a r io u s  c o m b in a tio n s  o f  e q u a t io n s ,  a c r i t e r i a  m ust be  e s ­
t a b l i s h e d  t h a t  w ould r e f l e c t  th e  r e s u l t i n g  c i r c u i t  c o m p le x ity . The 
fo rm  o f  th e  se c o n d a ry  e q u a t io n s  f o r  each  m erging co m b in a tio n  i s  c h a ra c ­
t e r i s t i c  o f  a d e t e n t  v a lv e ;  t h e r e f o r e ,  two fo u r-w a y , d e te n t  v a lv e s  a r e  
n eed ed  t o . s a t i s f y  th e  seco n d a ry  memory a c t io n  in  each  c o m b in a tio n . The 
Z i  and Zg o u tp u t  e q u a t io n s  as w e ll  as  th e  Z3 and Z* e q u a t io n s  f o r  each 
co m b in a tio n  a r e  im plem ented  by t h r e e - p o s i t i o n ,  fo u r-w a y , s p r in g - c e n te r e d .
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b lo c k -c e n te r e d ,  p i l o t - o p e r a t e d  v a lv e s .  T h e re fo re ,  th e  m ost p ro b a b le  
b a s i s  f o r  a p p r a i s in g  th e  c i r c u i t  e q u a t io n s  w ould b e  on th e  number o f  
AND and OR v a lv e s  r e q u i r e d  to  g e n e ra te  th e  p ro p e r  s ig n a l s  to  o p e ra te  
th e  se c o n d a ry  and o u tp u t  v a lv e s .
S in c e  th e  r e l a t i v e  c o s t  o f  an AND f u n c t io n  com ponent i s  com parab le  
to  t h a t  o f  th e  OR fu n c t io n  com ponent, no c o n s id e r a t io n  need  be g iv e n  to  
th e  f re q u e n c y  o f  o c c u r re n c e  o f  one o v e r th e  o th e r .  F u r th e rm o re , i t  
can  b e  r i g h t f u l l y  assum ed t h a t  each  i n d i c a t i o n  in  th e  c i r c u i t  e q u a tio n  
o f  an AND o r  OR fu n c t io n  r e q u i r e s  th e  u s e  o f  o n ly  one v a lv e .  I n  o th e r  
w o rd s , no ad v a n ta g e  can  be  g iv e n  to  o p e r a t io n a l  p a t t e r n s  in  th e  equa­
t i o n s .  The v a l i d i t y  o f  t h i s  s ta te m e n t  can  be  d e m o n s tra te d  by c o n s id e r ­
in g  th e  fo l lo w in g  e q u a tio n :
T = ^3^2^! +  agCg) 8-37
E q u a tio n  8 -5 7  d e s c r ib e s  a c i r c u i t  h a v in g  sev en  lo g ic  o p e r a t io n s  — 
e i t h e r  AND o r  OR. T h is  e q u a t io n  can be  i l l u s t r a t e d  by fu n c t io n  b lo c k s  
as  shown in  F ig . 8 -1 4 . S in c e  th e  p e r f e c t  f l u i d  lo g ic  e le m e n ts  a r e  b i ­
n a ry  — a f u n c t io n  o f  o n ly  two s ig n a l s  — a lo g ic  b lo c k  i s  r e q u i r e d  
f o r  each  o p e ra t io n .
The c o n c e p t o f  n e e d in g  a lo g ic  b lo c k  o r  v a lv e  f o r  each  o p e r a t io n  
in d i c a te d  in  a c i r c u i t  e q u a t io n  can be  u se d  to  e s t a b l i s h  a q u a n t i t a t i v e  
b a s i s  f o r  a p p r a i s in g  th e  c o m p le x ity  o f  an e q u a t io n . T h u s , Eq. 8 -3 7  
w ould have a c o m p le x ity  v a lu e  o f  sev en . I t  i s  im p o r ta n t in  com paring 
two e q u a t io n s  on th e  conq>lexity. v a lu e  b a s i s  t h a t  b o th  e q u a t io n s  have 
e q u iv a le n t  form s ( n o n - f a c to r e d ,  u n i - f a c to r e d ,  o r  m u l t i - f a c to r e d  fo rm s). 
S p e c ia l  c o n s id e r a t io n  was g iv e n  to  th e  form  o f  th e  e q u a t io n s  d e r iv e d
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o r :
ORAND!
AND
AND
AND
AND
F ig . 8 -1 4 . L o g ic  R e p re s e n ta t io n  f o r  Eq. 8 -5 7
f o r  th e  s e q u e n t i a l  c i r c u i t  p rob lem  in  o r d e r  t h a t  a d i r e c t  com parison  
f o r  each  group o f  e q u a tio n s  co u ld  be  made. An e x am in a tio n  o f  th e  s e c ­
o n d ary  and o u tp u t  e q u a tio n s  f o r  each  m erg e r r e v e a ls  th e  fo l lo w in g  com­
p l e x i t y  v a lu e s  f o r  th e  s e q u e n t i a l  c i r c u i t  p rob lem ;
cVi » 5  +  4 +  6 +  5 +  6 +  6 = 28
CV2  = 5 +  7 +  11 +  11 +  6 +  1 = 41
'CV3 = h a z a rd  
CV4 = t r a n s i t i o n s  
CVg = t r a n s i t i o n s  
CVe = 4 +  4 +  4 +  6 +  4 +  6 » 2 8
CV7 » 5 +  5 +  5 + 4 +  6 +  3 = 26
c v = 4 + 6  +  6 + 1  +  6 + 1 » 2 4
I t  sh o u ld  be  re c o g n iz e d  th a t  th e  c o m p le x ity  v a lu e  o f  a ne tw o rk  
r e p r e s e n t s  th e  number o f  AND and OR o p e r a t io n s  r e q u i r e d  to  im plem ent 
th e  lo g ic  o f  th e  system . Each AND and OR o p e ra t io n  in d ic a te d  in  th e
io4
n e tw o rk  e q u a t io n s  means t h a t  a  v a lv e  m ust be u sed . T h e re fo re ,  in  o rd e r  
to  o b ta in  th e  s im p le s t  n e tw o rk  o f  s w itc h in g  v a l v e s ,  th e  c i r c u i t  com bi­
n a t io n  h a v in g  th e  lo w e s t c o m p le x ity  v a lu e  i s  th e  b e s t .  To f u r t h e r  em­
p h a s iz e  t h i s  c o n c e p t,  an in s p e c t io n  o f  th e  c o n q ile x ity  v a lu e s  f o r  th e  
v a r io u s  m erge r co m b in a tio n s  r e v e a l s  some re m a rk a b le  d i f f e r e n c e s .  The 
second  m erger co m b in a tio n  h as  a n e tw o rk  c o m p le x ity  v a lu e  o f  4 l  w hich 
i n f e r s  t h a t  4 l  AND and OR v a lv e s  a r e  r e q u i r e d  to  p ro v id e  th e  a p p r o p r ia te  
s ig n a l s  to  th e  o u tp u t  and seco n d a ry  sy s tem s . In  co m p ariso n , th e  e ig h th  
m erger c o m b in a tio n  o n ly  r e q u i r e s  24 AND and OR v a lv e s  to  f a c i l i t a t e  th e  
p ro p e r  s ig n a l  e m is s io n s . The c i r c u i t  c o n f ig u ra t io n :  f o r  M erger No. 8 
i s  shown in  F ig . 8 - I 5 .
The c o m p le x ity  v a lu e  m ust be  c o n s id e re d  as r e p r e s e n t in g  th e  m ax i­
mum number o f  AND and OR com ponents r e q u i r e d  to  im plem ent th e  n e tw ork .
I n  many c a s e s ,  a s i g n i f i c a n t  r e d u c t io n  o f  th e  c i r c u i t  com ponents can be 
acc o m p lish e d  by em ploying v a lv e  i n t e r p r e t a t i o n  te c h n iq u e s  and ta k in g  
th e  maximum a d v a n ta g e  o f  m u l t ip l e  s ig n a l  r e q u ire m e n ts .  An exam ple o f  
v a lv e  i n t e r p r e t a t i o n  f o r  s i m p l i f i c a t i o n  p u rp o se s  can be  seen  in  F ig .
8 - I 5 w here two s p r i n g - o f f s e t  v a lv e s  a r e  em ployed in  th e  se c o n d a ry  s i g ­
n a l  c i r c u i t .  The u se  o f  th e s e  v a lv e s  e l im in a te d  fo u r  AND v a lv e s  from  
th e  sy stem  and p ro v id e d  an in d e p e n d e n t ta n k in g  l i n e  f o r  th e  seco n d ary  
v a lv e s .  The m u l t ip l e  u se  o f  a  g e n e ra te d  s ig n a l  f o r  s im p l i f y in g  a c i r ­
c u i t  can be  o b se rv e d  in  th e  Yg se c o n d a ry  s ig n a l  c i r c u i t .  A cco rd in g  to  
th e  c h a r a c t e r i s t i c s  o f  d e t e n t  v a lv e s  p r e s e n te d  in  C h a p te r  V I, th e  Yg 
r e l a t i o n  (Eq. 8 - 32 ) i s  i n t e r p r e t e d  as  shown in  F ig .  8 - I 6 . T h u s , th e  
s ig n a l  w^wg i s  needed  to  a c t u a t e  b o th  ends o f  th e  v a lv e .  By e l im in a t in g  
d u p l i c a t io n  o f  t h i s  s i g n a l ,  th e  c i r c u i t  i s  re d u c e d  by one AND v a lv e .
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F ig .  8 -1 5 . C i r c u i t  C o n f ig u ra t io n  f o r  M erger No, 8 S e q u e n t ia l  P rob lem .
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T h e re  a r e  u n d o u b te d ly  s e v e r a l  p la c e s  in  th e  c i r c u i t  (F ig .  8 -1 5 ) w here 
n e tw o rk  r e d u c t io n  c o u ld  b e  a c h ie v e d ; how ever, th e  co m p le te  o p t im iz a ­
t i o n  o f  th e  lo g i c  c i r c u i t  was n o t  th e  o b je c t iv e  o f  t h i s  p r e s e n ta t io n .
E H
^ " * - 1  l—
V I DETI
Ijt
F ig .  8 -1 6 . The Yg S econdary  C i r c u i t  f o r  M erger No. 8
S in c e  th e  c i r c u i t  e q u a t io n s  f o r  th e  i n t u i t i v e l y  d e s ig n e d  p rob lem  
a n a ly z e d  in  C h a p te r  V II a r e  p r e s e n te d  in  th e  same form  as th e  s e q u e n t i a l  
c i r c u i t  e q u a t io n s ,  th e  c o m p le x ity  v a lu e  o f  th e  e q u a t io n s  sh o u ld  b e  o f  
i n t e r e s t .  The c o m p le x ity  v a lu e  o f  E qs. 7 -1 3 , ? - l ^ ,  7 -1 $ , 7 -1 6 , 7 -1 7 , 
7 -1 8 ,  7 - 19,  and 7 -20  i s
c v » 7  + 1 + 7 +  1 + 6 + 5 + 6 + 5 = 38
B ased on th e  co m p le x ity  v a lu e s  o f  th e  i n t u i t i v e l y  and l o g i c a l l y  d e ­
s ig n e d  c i r c u i t  e q u a t io n s ,  a r e s p e c t a b le  s im p l i f i c a t i o n  o f  th e  c o n t r o l  
n e tw o rk  can  b e  r e a l i z e d .  Com paring th e  c i r c u i t  c o n f ig u r a t io n  f o r  
M erger No. 8 (F ig . 8 -I5 )  w ith  t h a t  f o r  th e  i n t u i t i v e l y  d e s ig n e d  c i r c u i t  
(F ig ,  7 - I )  does n o t  i n d i c a t e  any m a jo r d i f f e r e n c e  in  s im p l ic i ty .  I t  
sh o u ld  be  r e c o g n iz e d ,  how ever, t h a t  F ig .  7 - I  r e p r e s e n t s  a h ig h ly  o p t i ­
m ized  c i r c u i t  in  w hich maximum a d v a n ta g e  was ta k e n  o f  a l l  s ig n a l s  ( n o te  
t h a t  pump p r e s s u r e  i s  n o t  a p p l ie d  to  th e  se c o n d a ry  and o u tp u t s ig n a l  
c i r c u i t s ) .  I n  c o n t r a s t .  F ig .  8-I5  r e p r e s e n t s  a  c i r c u i t  t h a t  was
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o b ta in e d  d i r e c t l y  from  th e  lo g ic  s y n th e s i s  and i n t e r p r e t a t i o n  m ethod.
I t  i s  h ig h ly  p ro b a b le  t h a t  th e  c i r c u i t  in  F ig . 8 - I 5 can b e  red u ce d  
s u b s t a n t i a l l y  w hereas i t  i s  h ig h ly  u n l ik e ly  t h a t  th e  i n i t u t i v e l y  d e ­
s ig n e d  c i r c u i t  can be re d u c e d  in  any f a s h io n .
I t  sh o u ld  be em phasized  th a t  t h i s  c h a p te r  h a s  d e m o n s tra te d  t h a t  a 
c o m p lic a te d  s e q u e n t ia l  c i r c u i t  can b e  s y n th e s iz e d  l o g i c a l l y  and in  i t s  
b a s ic  form  can  be ex p e c te d  to  com pare f a v o ra b ly  w ith  an i n t u i t i v e l y  d e ­
s ig n e d  c i r c u i t .  A no ther a s p e c t  w h ich  h as  n o t  been  e n ç h a s iz e d  i s  th e  
tim e e lem en t in v o lv e d  in  th e  d e s ig n  p ro c e d u re . S e v e ra l  w eeks a r e  some­
tim es r e q u i r e d  to  i n t u i t i v e l y  d e s ig n  s e q u e n t i a l  f l u i d  c i r c u i t s  w hereas 
e q u iv a le n t  c i r c u i t s  can b e  l o g i c a l l y  s y n th e s iz e d  in  a few h o u rs . F u r­
th e rm o re , a lo g ic  s o lu t io n  can c o n s id e r  a l l  p o s s ib le  p ro b lem s w hich 
may c r e a t e  o p e r a t io n a l  d i f f i c u l t i e s  and e l im in a te  t h e i r  e f f e c t s  b e fo re  
th e  c i r c u i t  i s  f a b r ic a te d .
E x p e rim e n ta l V e r i f i c a t i o n
The c i r c u i t  shown in  F ig . 3 -1 5 ,  to g e th e r  w ith  th e  c y l in d e r s  and 
s ig n a l  sy stem s i l l u s t r a t e d  in  F ig . 7 - I ,  was f a b r i c a t e d  and th e  lo g ic  
and o p e r a t io n a l  c h a r a c t e r i s t i c s  e x p e r im e n ta l ly  v e r i f i e d .  The p h y s ic a l  
a rran g em en t o f  th e  c i r c u i t  i s  shown in  F ig . 8 - I 7 . B a c k -p re s s u re  lo a d  
v a lv e s  w ere i n s t a l l e d  in  th e  c y l in d e r  power l i n e s  to  s im u la te  f u l l y  
loaded  c y l in d e r  ro d  c o n d i t io n s .  System  p r e s s u r e  was v a r i e d  to  a m axi­
mum o f 1600 p s i ,  and th e  flo w  r a t e  ra n g e d  from  2 gpm to  18 gpm. The 
lo g ic  n e tw o rk  perfo rm ed  p e r f e c t l y  from  th e  s t a r t  and c o n tin u e d  to  c o ­
o r d in a te  th e  movements o f  th e  c y l in d e r  ro d s  p r o p e r ly  th ro u g h o u t th e  
t e s t  program . No e x t e r n a l  a c t io n  c o u ld  c o n fu se  th e  in c o rp o r a te d  lo g ic  
o f  th e  c i r c u i t  s h o r t  o f  b lo c k in g  s i g n a l  l i n e s .
&F ig . 8 - 17. P h y s ic a l  A rrangem ent o f  F a b r ic a te d  S e q u e n t ia l  C i r c u i t .
CHAPTER IX
CONCLUSIONS
The c o n t r o l  o f  m achines by f l u i d  power sy stem s h a s  become an im ­
p o r t a n t  f a c e t  o f  modern c o n t r o l  te c h n o lo g y . The f i e l d  o f  f l u i d  s e rv o ­
m echanism s h a s  been  one o f  th e  m ost r a p id ly  grow ing f i e l d s  o f  c o n t r o l s  
e n g in e e r in g  and has a l re a d y  a c h ie v e d  a h ig h  d e g re e  o f  s o p h i s t i c a t i o n .
I n  c o n t r a s t ,  th e  d es ig n  and a n a ly s i s  o f  f l u i d  s w itc h in g  ne tw orks h as  
n o t  e x p e r ie n c e d  any m ajo r g row th ; and i t s  p r e s e n t  a p p l i c a t io n  i s  s t i l l  
d ep en d en t upon th e  in g e n u ity  o f  th e  e n g in e e r . T h is  d i s s e r t a t i o n  i s  con­
c e rn e d  w ith  an i n v e s t ig a t io n  o f  lo g ic  m ethods f o r  f l u i d  s w itc h in g  c i r ­
c u i t  s y n th e s is  and a n a ly s i s  w hich  sh o u ld  h e lp  a l l e v i a t e  th e  re c o g n iz e d  
in ad eq u acy  o f  c u r r e n t  i n t u i t i v e  p ro c e d u re s .
F lu id  c o n t r o l  ne tw o rk s in c o r p o r a t in g  f l u i d  s w itc h in g  c i r c u i t s  have  
been  u n iv e r s a l l y  a p p l ie d  in  many m ach ine a re a s  su ch  a s  m ob ile  eq u ip m en t, 
m ach ine t o o l s ,  and a u to m a tic  t r a n s f e r  m ach in es . New a p p l ic a t io n s  f o r  
d i g i t a l  f l u i d  c i r c u i t s  a r e  c o n s ta n t ly  b e in g  r e p o r te d .  The r e c e n t  i n t e r ­
j e c t i o n  o f  f l u i d  a m p l i f ie r s  as p o t e n t i a l  lo g ic  e le m e n ts  in  f l u i d  n e t ­
w orks has  c r e a te d  in d u s try -w id e  i n t e r e s t  in  f l u i d  d i g i t a l  system s and 
f l u i d  com puter a p p l ic a t io n s .
The p r im a ry  g o a l in  th e  s e l e c t i o n  o f  a s p e c i f i c  c o n t r o l  sy stem  i s  
to  a c h ie v e  many o f  th e  ad v a n ta g e s  in h e r e n t  to  f l u i d  sy stem s . Some o f
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th ese , ad v a n ta g e s  a r e  a s  fo llo w s :
1. Component r e l i a b i l i t y  and long l i f e
2 . Low h e a t  g e n e ra t io n
5 . H igh s ig n a l  a m p l i f i c a t io n
4. I n s e n s i t i v i t y  to  v i b r a t i o n a l  e f f e c t s
5 . I n s e n s i t i v i t y  to  ex tre m es  o f  te m p e ra tu re
6. V e r s a t i l e  o u tp u t pow er and m otion .
I n  o rd e r  to  r e a l i z e  th e  a d v a n ta g e s  o f f e r e d  by f l u i d  sy stem s i n ­
v o lv in g  f l u i d  s w itc h in g  c i r c u i t s ,  a  n o n - i n t u i t i v e  m ethod m ust be ad ­
v an ce d  f o r  t h e i r  s y n th e s i s  and a n a l y s i s .  Such a  m ethod has n o t  been 
r e p o r te d ,  and i t s  a b se n c e  i s  e v id e n c e d  by th e  r e l a t i v e l y  s im p le  n e t ­
w orks c u r r e n t ly  in  u s e . A g e n e ra l  lo g ic  m ethod w ould p e rm it th e  sy n ­
th e s i s  o f  com plex f l u i d  n e tw o rk s  p o s s e s s in g  " d e c is io n -m a k in g "  a b i l i t y  
and w ould p ro v id e  th e  means o f  e x te n d in g  th e  r e a s o n in g  power o f  th e  
d e s ig n  e n g in e e r .
T h is  d i s s e r t a t i o n  p r e s e n ts  a lo g ic  method f o r  th e  s y n th e s is  and 
a n a l y s i s  o f  f l u i d  s w itc h in g  n e tw o rk s  w hich s a t i s f i e s  th e  re q u ire m e n ts  
o f  a  u n iv e r s a l  d e s ig n  m ethod. The c o n t r ib u t io n s  to  th e  f l u i d  power 
e n g in e e r in g  f i e l d  r e s u l t i n g  from  t h i s  s tu d y  a r e  a s  fo llo w s :
1. R e c o g n itio n  o f  th e  lo g ic  an a lo g y  e x i s t i n g  betw een e l e c ­
t r i c a l  s w itc h in g  e le m e n ts  and f l u i d  sw itc h in g  e le m e n ts .
2 . A f l u i d  t r a n s m is s io n  c o n c e p t was in t ro d u c e d  w hich p ro ­
v id e d  th e  means n eeded  to  e s t a b l i s h  a  p r a c t i c a l  c o r r e l a ­
t i o n  betw een  e l e c t r i c a l  and f l u i d  s w itc h in g  th e o ry .
3 . A c o n c e p t o f  f l u i d  co m plem en ta tion  was p ro p o sed  w hich 
p ro v id e d  th e  means o f  r e c o g n iz in g  and d e s c r ib in g  th e  
fu n d am e n ta l lo g ic  c h a r a c t e r i s t i c s  o f  n o n - c l a s s i c a l  f l u i d  
com ponents.
Ill
k .  A fu n d am e n ta l b a s i s  was e s t a b l i s h e d  and d e m o n s tra te d  fo r  
i n t e r p r e t i n g  a l l  ty p e s  o f  f l u i d  s w itc h in g  com ponents.
5 . A co m p o site  o p e r a t io n a l  c h a r t  was d ev e lo p ed  to  v e r i f y  th e  
lo g ic  and o p e r a t io n a l  b e h a v io r  o f  f l u i d  n e tw o rk s  by r e ­
v e a l in g  th e  c o n t r ib u t io n s  o f  each  p a r t  o f  th e  c i r c u i t  
e q u a t io n s .
6 . An a n a ly s i s  m ethod was d ev e lo p ed  w hich  w ould y i e l d  th e  
lo g ic  e q u a t io n s  and th e  c h a r a c t e r i s t i c  s y n th e s is  maps f o r  
an e x i s t i n g  ne tw o rk .
7 . An a p p r a i s a l  m ethod was in t ro d u c e d  to  g iv e  a  q u a n t i t a t i v e  
com parison  o f  e q u iv a le n t  c i r c u i t  s im p l ic i ty .
To th e  a u t h o r 's  know ledge, t h i s  d i s s e r t a t i o n  has d e m o n s tra te d  f o r  
th e  f i r s t  tim e  th a t  a f l u i d  ne tw ork  in v o lv in g  s e q u e n t i a l  o p e r a t io n s  
c o u ld  be  s y n th e s iz e d  and a n a ly z e d  lo g i c a l l y .  The m ethod p ro p o sed  f o r  
a n a l y t i c a l l y  i n t e r p r e t i n g  and inq )lam en ting  n e tw o rk  e q u a t io n s  h as  s a t i s ­
f i e d  th e  re q u ire m e n ts  o f  a g e n e ra l  d e s ig n  m ethod.
The o b je c t iv e s  o f  t h i s  i n v e s t i g a t io n  have been f u l f i l l e d  t o  a 
d e g re e  f a r  ex ceed in g  th e  i n i t i a l  e x p e c ta t io n s  o f  th e  a u th o r .  I t  i s  
f i r m ly  b e l ie v e d  th a t  t h i s  s tu d y  w i l l  i n c i t e  f l u i d  power e n g in e e rs  to  
p u rsu e  th e  lo g ic  s y n th e s is  o f  f l u i d  c i r c u i t s  in  many advanced  a r e a s .  
Such a c t io n  w i l l  g u a ra n te e  th e  in t r o d u c t io n  o f  many n o v e l d e v ic e s  in  
th e  n e a r  f u tu r e .
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APPENDIX A
POSTULATES AND THEOREMS OF BOOLEAN ALGEBRA
The P o s tu la t e s  o f  B oolean  a lg e b ra  a r e  s im p le ,  in d e p e n d e n t, and 
c o n s i s t e n t  s ta te m e n ts  w hich r e l a t e  th e  c o n c e p ts  o f  b in a ry  a lg e b r a ic  
lo g ic .  They can  b e  l i s t e d  a s  f o llo w s :
P - l  ( a ) X - 0 i f  X -  1 (b ) X -  1 i f  X f  0
P -2  ( a ) 1 • 1 - 1 (b ) 0 + 0 - 0
P- 3 ( a) 0 • 0 - 0 ( b) 1 + 1 - 1
P-!^ (a ) 0 • 1 = 1 • 0 -  0 (b ) l + O - O + l - l
P - 5  ( a) Ï  =* 0 ( b) 5 - 1
The theorem s o f  B oolean  a lg e b ra a r e  deduced  from  th e  p o s tu l a t e s
and show th e  r e l a t i o n s h i p s  among th e  c o n c e p ts . The theorem s e s t a b l i s h  
th e  g e n e r a l  r u l e s  f o r  e q u iv a le n t  e x p re s s io n s  in v o lv in g  v a r i a b l e s .  The 
theorem s a r e  l i s t e d  in  g roups o f  th e  number o f  v a r i a b l e s  in v o lv e d . 
S in g le  V a r ia b le  Theorems
T -1  (a ) 0 • X -  0 (b ) 1 +  X -  1
T -2  (a ) 1 • X » X (b ) 0 +  X = X
T -3  (a ) XX » X (b ) X +  X -  X
T -14- (a ) XX -  0 (b ) X +  X -  1
T-5 (a ) (30 -  X (b ) -  X
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Two V a r ia b le  Theorems 
T-6  ( a )  XY +  YX 
T -7  ( a )  X +  XY » X 
T-8  (a )  X + XY -  X + Y 
T-9  (a )  XY +  XŸ = X 
T h ree  V a r ia b le  Thaorems 
T -10 ( a )  XYZ -  X(YZ) -  (XY)Z 
T -11 ( a )  XY + XZ = X(Y+Z) 
T -12 ( a )  XŸZ -  X +  Ÿ +  Z 
T -1 )  (a )  XZ +  XYZ « XZ +  YZ
(b )  X +  Y -  Y +  X
(b )  X(X +  Y) -  X
(b ) X(X +  Y) » XY
(b )  (X +  Y) ( X +  Ÿ) = X
(b )  X+Y+Z » X+(Y+Z) » (X+Y)+Z 
(b )  (X+Y)(X+Z) » X + YZ
(b ) X+Y+Z = X Y Z
(b )  (X+Z)(X+Y+Z) = (X+Z)(Y+Z)
T -14 (a )  XY + YZ +  XZ -  XY +  XZ (b )  (X+Y)(Y+Z)(X+Z) = (X+Y)(X+Z)
T-15 (a )  XY + XZ = (X+Z)(X+Y) (b )  (X+Y)(X+Z) -  XZ +  XY
The p o s tu la te s  and theorem s w hich have  been p r e s e n te d  w ere l i s t e d  
as  d u a l r e l a t i o n s ;  in  o th e r  w o rd s . Theorem T-6  (b )  i s  th e  d u a l o f  
Theorem T-6  ( a ) .  The d u a l o f  a  B oo lean  e x p re s s io n  i s  o b ta in e d  by ch an g ­
in g  a l l  AND's to  O R 's , chang ing  a l l  O 's  to  I ' s  and v ic e  v e r s a .  A n o th e r 
form  o f  a B oolean e x p re s s io n  i s  th e  com plem entary  e x p re s s io n . The com­
p lem en t o f  a  B oolean  e x p re s s io n  alw ays e q u a ls  one when th e  e x p re s s io n  
e q u a ls  z e ro . The com plem ent i s  o b ta in e d  in  th e  same m anner as  th e  d u a l 
e x c e p t t h a t  each  l i t e r a l  i s  com plem ented; f o r  exam ple , c o n s id e r  th e  
e x p re s s io n  XŸ + XYZ. The d u a l i s  (X+Y)(X+Y+Z) ; w h ereas  i t s  com plem ent 
i s  (X+Y)(X+Ÿ+Z).
The theorem s o f  B oolean  a lg e b r a  can be p ro v ed  from  th e  p o s tu la te s  
by u s in g  th e  m ethod o f  " p e r f e c t  in d u c t io n ."  T h is  m ethod c o n s i s t s  o f  
l i s t i n g  a l l  co m b in a tio n  o f  v a lu e s  th e  v a r i a b le s  o f  th e  theorem  co u ld
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p o s s e s s  and making s u b s t i t u t i o n s  o f  th e s e  v a lu e s  In  b o th  s id e s  o f  th e  
r e l a t i o n .  I f  th e  v a lu e  o f  b o th  s id e s  I s  th e  same a f t e r  each s u b s t i t u ­
t i o n ,  th en  th e  theorem  I s  v a l i d .  An exam ple o f  th e  m ethod I s  I l l u s ­
t r a t e d  In  T ab le  A-1 u s in g  Theorem  T - I5 ( a ) .
TABLE A-1
V a r ia b le s
PROOF OF THEOREM T - I 5 (a )  
L e f t  S id e R ig h t S id e
X Y z XY+XZ (X+Z)(X+Y)
0 0 0 0 -0  + 1*0 “ 0 (0+0) (1+0) -  0
0 0 1 0 -0  + 1 .1  - 1 ( o n ) (1+0) » 1
0 1 0 0* 1 + 1-0 - 0 (0+0) (1+1) = 0
0 1 1 0-1  +  1-1 “ 1 (0+1) (1+1) = 1
1 0 0 1-0 +  0 -0  = 0 (i+o)(o*-o) = 0
1 0 1 1*0 + 0- 1 ■ 0 (1+1) (01-0) -  0
1 1 0 1-1 +  0 -0  ■ 1 (1+0) ( o n )  = 1
1 1 1 1-1 + 0 -1  = 1 ( l + l ) ( O f l )  » 1
The v a l i d i t y  o f  a  p ro p o sed  e q u iv a le n c e ,  In c lu d lh g  th e o re m s, can  
be  a s c e r t a in e d  by c i r c u i t  r e a s o n in g .  To i l l u s t r a t e  t h i s  p ro c e s s ,  th e  
c i r c u i t s  d e s c r ib e d  by b o th  s id e s  o f  th e  e x p re s s io n  o f  Theorem T - I 5 ( a )  
a r e  d ev e lo p ed  as shown In  F ig .  A -1 . S in c e  th e  o p e r a t in g  c h a r a c t e r i s t i c s  
o f  b o th  c i r c u i t s  a r e  I d e n t i c a l ,  th e  v a l i d i t y  o f  th e  theo rem  can  be  
a c c e p te d .
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#  ...4 I
X 1 Y
( a )  L e f t  S id e  o f  E x p re s s io n
X , ,x
(b )  R ig h t  S id e  o f  E x p re s s io n  
F ig . A -1. C i r c u i t  C o n f ig u ra t io n  f o r  Theorem T - I 5 (a )
APPENDIX B 
THE KARNAUGH MAP
The K arnaugh map te c h n iq u e ,  d e v e lo p ed  by K arnaugh ( 2 8 ) ,  p ro v id e s  
a means o f  r e p r e s e n t in g  and s im p l i fy in g  s w itc h in g  c i r c u i t  f u n c t io n s  by 
a p p ly in g  e le m e n ta ry  g e o m e tr ic a l  c o n c e p ts  w hich a r e  r e l a t e d  to  th e  a lg e ­
b r a i c  p r o p e r t i e s  o f  th e  e q u a t io n s .  T h is  s im p le  and r a p id  te c h n iq u e  
m in im izes  th e  number o f  a p p e a ra n c e s  o f  a lg e b r a ic  v a r i a b l e s  in  th e  a s s o ­
c i a t e d  e q u a t io n .  A lthough  th e  theorem s o f  B oolean  a lg e b ra  can b e  r i g ­
o ro u s ly  a p p l ie d  to  s im p l i f y  b in a ry  r e l a t i o n s ,  i t  i s  a  te d io u s  p ro c e d u re  
f o r  a l l  b u t  t h e  m ost t r i v i a l  c a s e s .
The K arnaugh Map te c h n iq u e  f o r  g e n e r a t in g  n e a r-m in im a l form s o f  
a lg e b r a ic  e q u a t io n s  depends upon th e  r e c o g n i t io n  o f  c e r t a i n  b a s ic  p a t -  
te rm s o f  map e n t r i e s .  The map, i t s e l f ,  m ust c o n ta in  a s u f f i c i e n t  number 
o f  rows and colum ns to  p ro v id e  a p p r o p r ia te ly  a map lo c a t io n  f o r  each  o f  
th e  2”  p o s s i b l e  co m b in a tio n s  o f  v a r i a b l e  v a lu e s .  A d i s t i n g u i s h in g  f e a ­
t u r e  o f  t h i s  m a p .is  th e  u s e  o f  th e  r e f l e c t e d  b in a ry  (G ray  code) code 
f o r  l a b e l in g  th e  rows and colum ns. The b lo c k s  com posing th e  map c r e a te d  
by th e  i n t e r s e c t i o n s  o f  t h e  rows and colum ns a r e  c a l l e d  " c e l l s . "  The 
b a s ic  p a t t e r n s  d is p la y e d  by c e l l s  c o n ta in in g  e n t r i e s  a r e  c a l l e d  " su b ­
cu b es . " More s p e c i f i c a l l y ,  a subcube i s  a s e t  o f  c e l l s  p o s s e s s in g  an 
a d ja c e n c y  r e l a t i o n .  Such a r e l a t i o n  can o n ly  o c c u r when one o r  more o f
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th e  v a r i a b l e s  d e f in in g  th e  c e l l s  o f  th e  subcube  h a v e  c o n s ta n t  v a lu e s .
A K arnaugh map i s  co n ce rn ed  b a s i c a l l y  w ith  a lg e b r a ic  e q u a t io n s  
h a v in g  a tw o -s ta g e  form  ( t h e  sum o f  p r o d u c ts ) .  A g iv en  e q u a t io n  i s  
s a t i s f i e d  ( e q u a l  to  1) when th e  v a lu e s  o f  th e  v a r i a b l e s  comply w ith  
th e  r e q u ire m e n ts  o f  any p ro d u c t  (AMD) group in  th e  e q u a tio n . A s p e c i f ­
i c  e n t r y  i n  a  c e l l  o f  th e  map p r e s c r ib e s  th e  c o m b in a tio n  o f  v a r i a b l e s  
r e q u i r e d  to  g iv e  one s o lu t i o n  to  th e  e q u a t io n . H ence, a (1 ) i s  e n te re d  
in  a  c e l l  t h a t  d e s c r ib e s  th e  p ro p e r  v a lu e s  o f  th e  v a r i a b l e s  n eed ed  by 
a  p a r t i c u l a r  p ro d u c t group to  y i e l d  a s o lu t io n .
The te c h n iq u e  o f  m aking map e n t r i e s  can be  d e m o n stra te d  by c o n s id ­
e r in g  th e  e q u a t io n  (T - l4 a )  g iv e n  by
A -  XY +  YZ +  i|Z B-1
T h is  e q u a t io n  i s  s a t i s f i e d  by th e  v a r i a b l e  co m b in a tio n  X AND Y, OR Y 
AND Z , OR NOT X AND Z. T h ree  v a r i a b l e s  a r e  in v o lv e d ; t h e r e f o r e ,  th e  
K arnaugh map can  be  i l l u s t r a t e d  a s  shown in  F ig .  B -1. A (1 )  i s  e n te re d  
in  th e  c e l l  o r  c e l l s  d e s c r ib in g  each  p ro d u c t te rm . T h e re fo re ,  f o r  th e  
te rm  XY, a (1 )  i s  e n te re d  in  th e  c e l l  o r  c e l l s  o f  row X » 1 w here  Y = 1. 
The a p p r o p r ia te  e n t r i e s  f o r  th e  te rm s  YZ and Rz a r e  a l s o  i n s e r t e d  to  
co m p le te  th e  map.
Y Z
X 0 0 0  1 1 1 1 0
0 1 1
1 1 1
F ig .  B -1 . K arnaugh Map f o r  Eq. B-1
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In terp retin g  the Karnaugh map to  obtain  near-m lnlm al expressions  
req u ires the reco g n itio n  o f optimum subcube p a ttern s. The slnq>lest 
equations are normally obtained by using the la r g e s t  subcubes. The 
expression  required to lo c a te  a s in g le  c e l l  In volves every v a r ia b le  
on th e map; whereas a tw o -c e ll subcube e lim in a tes  one o f the v a r ia b le s . 
L ikew ise, a fo u r - c e l l  subcube reduces the d escr ib in g  v a r ia b les  by two. 
and an e ig h t - c e l l  e lim in a tes  the th ree  v a r ia b le s . This subcube concept 
fo r  e lim in a tin g  the number o f d escr ib in g  v a r ia b le s  can be demonstrated 
by F ig . B-2 . The equation rep resen tin g  th e map req u ires a four v a r i­
a b le , a th ree v a r ia b le , and a two v a r ia b le  product term to Include the 
s in g le  c e l l ,  the tw o -c e ll subcube, and the f o u r - c e l l  subcube, resp ec­
t iv e ly .  The equation ex h ib ited  by F ig . B-2  Is
Y ■ abed + abc + ad
c d
B-2
a b
0 0
0 0 0 l _ __i 1 1 0
0 1 V j
1 1 ( ' )
^ —
1 0 (? Î)
F ig . B-2 . Karnaugh Map for Eq. B-2
The map In F ig. B-1  contains two subcubes which can be described  
by the equation
A -  XY + XZ B-3
T his equation I s  a s ln ç le r  r e la t io n  than Eq. B -1,  and I t s  equivalence
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can  be  v e r i f i e d  by Theorem T -14 ( a ) .  The subcubes u sed  to  o b ta in  
Eq. B-3 s a t i s f y  th e  re q u ire m e n t t h a t  i t  i s  n e c e s s a ry  to  in c lu d e  a 
g iv e n  c e l l  o n ly  once. The th r e e  ( 2 - c e l l )  subcubes u sed  f o r  Eq. B-1 
c o n ta in  th e  re d u n d a n t subcube  YZ.
The p r o p e r t i e s  o f  a d ja c e n c y  p a t t e r n s  w hich e s t a b l i s h  subcubes can 
b e  i l l u s t r a t e d  by th e  maps in  F ig . B-3 . The fo u r  maps d i s p la y  c e l l  
p a t t e r n s  o f  th e  same ty p e  — a f o u r - c e l l  subcube d e s c r ib e d  by two v a r i ­
a b l e s .  The subcubes can  b e  r e p r e s e n te d  as  fo llo w s : 1) map ( a )  -  W X,
2 ) map (b )  -  WY, 3 ) ™ap (c )  -  XZ, and U) map (d ) -  X Z. The c h a ra c ­
t e r i s t i c s  o f  p e r ip h e r a l  c e l l s  to  com bine w ith  c e l l s  on th e  o p p o s i te  
s id e  sh o u ld  be  n o te d .
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Y Z
W X 0 0 0  1 1 1 1 0
0 0 1 1 1 1
0 1
1 I
1 0
W X
Y Z 
0 0 0 1 1 1 1 0
0 0 I 1
0 1 1 1
1 1
1 0
W X
Y Z 
0 0 0 1 1 1 10
0 0
0 1 1 1
1 1 I 1
1 0
W X
Y Z 
0 0 0 1 1 1 10
0 0 1 1
0 1
I 1
1 0 1 1
F ig . B -3. P r o p e r t i e s  o f  A d jacen cy  P a t t e r n s .
